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Kurzfassung  

Glyphosat (GLY) ist das weltweit am häufigsten verwendeten Herbizid, und Aminomethylp-

hosphonsäure (AMPA) ist sein Hauptmetabolit. Ihr Vorkommen in Grund- und Oberflächenge-

wässern verursacht Krankheiten beim Menschen, während komplexe physikalisch-chemische 

Eigenschaften die Erkennung und wirksame Entfernung erschweren. Zur Entfernung von GLY 

und AMPA wurden verschiedene Technologien wie Adsorption, Filtration und Abbau mit 

unterschiedlicher Wirksamkeit eingesetzt. Die derzeitigen Entfernungstechnologien konnten 

GLY und AMPA jedoch nicht effektiv und nachhaltig aus dem Wasser entfernen. Die „Effekti-

vität“ bezieht sich auf die Entfernungseffizienz der Technologien, während die „Nachhaltigkeit“ 

sich auf die für die Wasseraufbereitung verwendete Energie und die produzierte Wassermenge 

bezieht. Daher ist die Entwicklung von Wasseraufbereitungstechnologien zur Entfernung von 

GLY und AMPA aus dem Wasser dringend erforderlich. 

In dieser Dissertation wurden vier verschiedene Technologien hinsichtlich ihrer Entfernungsef-

fizienz von GLY und AMPA untersucht. Diese Technologien sind: Adsorption durch polymer-

basierte sphärische Aktivkohle (PBSAC, Kapitel 4), ein hybrides Adsorptions-

Membranfiltrationssystem (Ultrafiltration mit permeatseitiger polymerbasierter kugelförmiger 

Aktivkohle, UF–PBSAC, Kapitel 5), Nanofiltrationsmembran (NF, Kapitel 6), und eine photo-

katalytische Membran (TiO2-beschichtete Poly(vinylidenfluorid)-Membran, PVDF-TiO2, Kapi-

tel 7). 

 

Vor der Untersuchung von Entfernungstechnologien muss die Analysemethode für GLY und 

AMPA in umweltrelevanten Konzentrationen entwickelt werden. Aufgrund ihrer komplexen 

physikalisch-chemischen Eigenschaften sind GLY und AMPA schwer zu analysieren und aus 

Wasser zu entfernen. Das Ziel besteht darin, GLY und AMPA in Wasser in niedri-
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ger Konzentration zu analysieren, wobei ein geringes Injektionsvolumen und kein Derivatisie-

rungsschritt erforderlich sind. Für die Analyse der beiden Herbizide wurde die Flüssigkeits-

chromatographie mit Tandem-Massenspektrometrie gewählt. Um eine zuverlässige Analyseme-

thode mit reproduzierbaren Ergebnissen zu erzielen, wurde die Ionenunterdrückung auf dem 

LC-MS/MS bewertet. Nach einer systematischen Überprüfung hat die entwickelte Analyseme-

thode eine Nachweisgrenze von 10 ng/L, erfordert ein Injektionsvolumen von 100 µL und 

keinen Derivatisierungsschritt. Die entwickelte Analysemethode wird in Kapitel 3 erläutert. 

Die statische Adsorption (ohne Membran) wurde in einem Inkubatorschüttler durchgeführt, um 

die Adsorptionsleistung ohne Begrenzung der Verweildauer zu bestimmen. Filtrationsversuche 

mit NF und UF–PBSAC wurden mit einer Dead-End-Rührzelle mit einer Membranfläche von 

38 cm2 durchgeführt. Die Filtration der PVDF-TiO2-Membran wurde in einem Mikro-

Crossflow-Filtrationssystem mit einer Filtrationsfläche von 2 cm2 unter einem Sonnensimulator 

in Durchflussanordnung durchgeführt.  

Jede Technologie wurde hinsichtlich ihrer Entfernungseffizienz für GLY und AMPA sowie 

hinsichtlich der begrenzenden Faktoren für die Entfernung untersucht. Zu den begrenzenden 

Faktoren gehörten die Eigenschaften der Membran/des Adsorbens, die Betriebsparameter und 

die Wasserbedingungen. Mit dem Verständnis des Mechanismus der Technologie wurde das 

Experiment schließlich unter den optimierten Bedingungen zur Bewertung der Entfernung von 

GLY und AMPA durchgeführt. Die wichtigsten Ergebnisse dieser Dissertation sind: 

• Die statische Adsorption von GLY und AMPA in umweltrelevanten Konzentrationen aus 

Wasser durch PBSAC war mit einer Entfernung von 95% für GLY und 57% für AMPA 

möglich, wobei die Außen- und Innenfläche von PBSAC den begrenzenden Faktor für 

die Adsorption darstellte. 

• UF-PBSAC kann unter optimierten Bedingungen (Verringerung der PBSAC-Größe, Er-

höhung der PBSAC-Schichtdicke und Erhöhung der hydraulischen Verweildauer) 98% 

GLY und 95% AMPA entfernen, wodurch die EU-Richtlinien für Herbizide erfüllt 

werden. 

• Die NF-Membran kann GLY und AMPA durch Größenausschluss, Ladungsausschluss 

und dielektrische Interaktionen teilweise entfernen, erfordert jedoch einen hohen Druck. 

• Die photokatalytische Membran kann unter optimierten Bedingungen (Erhöhung der hyd-

raulischen Verweildauer, Erhöhung der Lichtintensität) 95% GLY und 80% AMPA aus 

Wasser entfernen, was jedoch einen hohen Energieaufwand für die Lichtbestrahlung er-

fordert. 

Es wurde ein Vergleich zwischen verschiedenen Wasseraufbereitungstechnologien anhand der 

Kriterien GLY- und AMPA-Entfernungseffizienz und der Betriebsparameter durchgeführt.   
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Abstract  

Glyphosate (GLY) is the most commonly used herbicide worldwide, and ami-

nomethylphosphonic acid (AMPA) is its main metabolite. These herbicides in ground and 

surface waters cause diseases in humans, while complex physico-chemical properties hinder 

detection and effective removal. Several technologies have been applied to remove GLY and 

AMPA, including adsorption, filtration, and degradation, with varying efficiencies. However, 

current removal technologies cannot effectively and sustainably remove GLY and AMPA in 

water. In this context, the “effectiveness” refers to the removal efficiency of the technologies; 

meanwhile, the “sustainability” relates to the energy used in water treatment and the amount of 

water produced. The development of water treatment technologies for GLY and AMPA removal 

in water is urgently needed. 

In this dissertation, four different technologies were investigated for the removal efficiency of 

GLY and AMPA, including: adsorption by polymer-based spherical activated carbon (PBSAC, 

Chapter 4), hybrid adsorption–membrane filtration system (ultrafiltration with permeate-side 

polymer-based spherical activated carbon, UF–PBSAC, Chapter 5), nanofiltration membrane 

(NF, Chapter 6), and photocatalytic membrane (TiO2-coated poly(vinylidene fluoride) mem-

brane, PVDF-TiO2, Chapter 7).  

 

Before investigating the removal technologies, the analytical method needs to be developed for 

GLY and AMPA at environmentally relevant concentrations. Due to the complex physicochem-

ical properties, GLY and AMPA are challenging to analyze and remove from water. The target 

is to analyze GLY and AMPA in water at low concentration, with low injection volume, and 

without derivatization step. Liquid chromatography with tandem mass spectrometry (LC-

MS/MS) was chosen for the analysis of the two herbicides. To achieve a reliable analytical 

method with reproducible results, ion suppression in the LC-MS/MS was evaluated. After a 
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systematic review, the developed analytical method had the LOD of 10 ng/L, with the injection 

volume of 100 µL, and required no derivatization step. The analytical method development is 

explained in Chapter 3. 

The static adsorption (without any membrane) was performed in an incubator shaker to deter-

mine the adsorption performance without the limitation of residence time. Filtration experi-

ments with NF and UF–PBSAC were performed with a dead-end stirred cell with membrane 

area of 38 cm2. The filtration of PVDF-TiO2 membrane was performed in a micro-crossflow 

filtration system with a filtration area of 2 cm2 under solar simulator in a flow-through configu-

ration.  

Each technology was studied on the GLY and AMPA removal efficiency, and the limiting 

factors on the removal. The limiting factors included membrane/ adsorbent characteristics, 

operational parameters, and water conditions. With the understanding of the mechanism of the 

technology, the experiment was finally conducted at the optimized conditions for the evaluation 

of GLY and AMPA removal.  

The key findings from this dissertation are: 

• The static adsorption of GLY and AMPA at environmentally relevant concentrations 

from water by PBSAC was achievable, with the removal of 95% for GLY and 57% for 

AMPA, where the external and internal surface of PBSAC were the limiting factors of the 

adsorption. 

• UF–PBSAC could remove 98% GLY and 95% AMPA at optimized conditions (decreas-

ing PBSAC size, increasing PBSAC layer thickness, and increasing hydraulic residence 

time), which achieved the EU guidelines for herbicides. 

• NF membrane could partially remove GLY and AMPA via size exclusion, charge exclu-

sion, and dielectric exclusion, but required high pressure. 

• Photocatalytic membrane could remove 95% GLY and 80% AMPA in water at optimized 

conditions (increasing hydraulic residence time, increasing light irradiance), which re-

quired high energy for light irradiation. 

A comparison between different water treatment technologies took place with the criteria of 

GLY and AMPA removal efficiency and the operating parameters.   
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1 Introduction  

The first chapter provides a broad context and the major challenges that this project is solving. 

The water contamination and the incomplete removal of current water treatment technologies 

are discussed, highlighting the need to remove herbicide micropollutants from water.  

The last part outlines the research objectives and overall structure of the dissertation.  

1.1 Pesticide and herbicide micropollutants   

Water contamination causes an imbalance in life and sustainable development, where its im-

pacts extend far beyond ecological degradation. At its core, water pollution violates one of the 

most basic human needs and rights, which is access to safe drinking water. 2.2 billion people 

still lacked access to safe drinking water, and 1.2 billion people lacked access to drinking water 

[1]. The domino effect leads to short- and long-term impacts on public health (physical and 

mental), energy, the economy, livelihoods, and culture, as well as equity and justice [1]. Water 

stress increased by 3% globally from 2015 to 2021, particularly in Africa and Asia [1], posing 

additional stress on low-income communities. Women and girls around the world who are most 

likely responsible for collecting water in families walk on average 6 kilometers daily to carry 

water that is often contaminated, reducing their access to education. More than 1000 children 

under 5 years old die from diseases related to lack of clean water and sanitation every day [2]. 

Despite all efforts to achieve the goal of “Clean water and sanitation” [3], water contamination 

remains unsolved, not only in low-income countries where low water quality is often attributed 

to inadequate water treatment facilities, but also in high-income countries due to agricultural 

runoff and industrial discharge [4, 5].  

Micropollutants are contaminants that occur at low concentrations in water (ng/L to µg/L), but 

can cause adverse effects on the environment and human health [6]. Micropollutants, including 

pesticides, biocides, pharmaceuticals, and per- and polyfluoroalkyl substances (PFAS), are 

persistent and continuously discharged from diverse sources [7]. In a study of 258 rivers world-

wide, over 25% of the detected micropollutants were found at concentrations exceeding safe 

limits for aquatic organisms [8]. Among all micropollutants, pesticides and herbicides are “old 

topics” but remain a concern worldwide [15, 16], causing an annual economic loss of 78 million 

euros in Europe [9]. Over the past 20 years, the use of chemicals in agriculture has increased by 

more than 40 %. Over 4.1 million tons of pesticides are used worldwide each year, with herbi-

cides accounting for 48%, insecticides (30%), fungicides (17%), and others (5%) [10] (Figure 

1.1). Despite the well-managed water system, different pesticides were found in European 

streams at concentrations ranging from 10 ng/L to 20 µg/L [7, 11], some hot spots with the 

concentration of mg/L, which was much higher than European Union (EU) guidelines for herbi-

cides in water (100 ng/L for each pesticide, and 500 ng/L for total pesticides [12, 13]). 
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Figure 1.1. Pesticide usage in agriculture 

1.2 Glyphosate and aminomethylphosphonic acid  

Glyphosate (N-(phosphonomethyl) glycine) (GLY), also known as Roundup, is an organophos-

phate herbicide. GLY is the most widely used herbicide, which accounts for 30% of total herbi-

cide use worldwide [14-17]. With the extensive annual usage of 600–750 thousand tonnes in 

agriculture alone, which is estimated to increase to 740–920 thousand tonnes by 2025 [16]. Only 

in 2024, 1.2 million tonnes of GLY were produced for the market [18]. Therefore, the concen-

trations of GLY and its main metabolite, aminomethylphosphonic acid (AMPA), in the water 

environment (surface water, groundwater, and seawater [19, 20]) are expected to continue 

increasing in the future, which is a global problem (Figure 1.2) [21, 22]. In Figure 1.2, it is 

noted that the areas with low GLY inputs into rivers do not represent low contamination, but 

might be due to the lack of data collection and processing.  

 

Figure 1.2. River pollution with GLY and AMPA from crop production (Reprinted from Zhang et al. [21]). 
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The exposure to GLY and AMPA has been linked to DNA damage, cytotoxic effects, reduced 

male fertility, cancer, and endocrine disruption [23-26]. GLY was classified as a potential 

carcinogen by the World Health Organization (WHO) [25, 27, 28]. 100 ng/L as individual 

herbicides and 500 ng/L for total herbicides are the maximum concentrations of GLY and 

AMPA in water according to  EU guidelines [13]. Because of the health effects caused by GLY, 

around 200,000 lawsuits have been filed against Roundup. Monsanto (now Bayer) needs to pay 

nearly $16 billion for settlements [29]. Nevertheless, the GLY market is still expanding with 

annual growth at 6.32%, and is expected to reach 17 billion Euros by the end of 2031 [30]. Due 

to the massive market and the lack of alternative products, the ban on GLY in agriculture has 

been discussed and postponed for several years in Europe [31]. In 2023, the European Commis-

sion authorized the GLY market for 10 more years until 2033 despite its impact on the environ-

ment and public health [32], leaving a continuing water contamination issue. GLY and AMPA 

were still detected in surface and groundwater at concentrations ranging from nanograms to 

milligrams per liter [37-41] (higher than EU guidelines), which require advanced water treat-

ment technologies for effective removal from water sources [32, 33]. The challenge of balanc-

ing economic benefits and environmental protection remains unresolved.   

1.3 GLY and AMPA problem: from farm to home 

From the farm, GLY and AMPA used in agriculture can directly reach the surface and ground-

water by surface runoff [34, 35] (Figure 1.3).  

 

Figure 1.3. Schematic of conventional water treatment plants 

Other sources of GLY/AMPA include urban runoff and industrial activities, where micropollu-

tants can be discharged from the conventional wastewater treatment process due to incomplete 

removal or bypass treatment via stormwater overflows [36, 37], and can reach surface, ground, 

and seawater [19, 20]. Most current water treatment plants have integrated sorption and/or 

ozonation to enhance the organic matter removal capacity and partially remove micropollutants 
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[38, 39]. In the state of Baden−Württemberg, Germany, 33 wastewater treatment plants use 

PAC, GAC, ozonation, and a combined ozonation and GAC system for micropollutant removal 

(Figure 1.4) [40]. As of May 2025, 30 wastewater treatment plants are planned, including one 

plant that will adopt PAC and ultrafiltration (UF) membrane technology [40]. However, GLY 

and AMPA cannot be removed by current technologies, leading to the discharge of the herbi-

cides into the water environments from industrial and urban sources, besides agricultural 

sources.  

 

Figure 1.4. Map of active WWTPs with micropollutant removal technologies (granular/powdered activated carbon 

(GAC/PAC) adsorption, and ozonation) in Baden−Württemberg (BW). Data were taken from the BW 

websites in May 2025 [40]. The map was created by P.T. 

After entering surface and groundwater, GLY and AMPA can reach drinking water treatment 

plants, as 30% and 70% of drinking water comes from surface water and groundwater, respec-

tively [41]. As GLY and AMPA cannot be removed by conventional treatment technologies, 

these herbicides can finally enter housing and be consumed by humans.  

To reduce contamination of GLY and AMPA in water, different approaches can be considered, 

including controlling contamination sources or improving water treatment technologies. With 

extensive use, expansion, and continued growth of the GLY market, controlling the sources is 

necessary but very challenging. Therefore, research on water treatment technologies for GLY 

and AMPA is extremely essential and needs more investigation.  

1.4 Objective of the dissertation 

The research objective is to investigate and compare different water treatment technologies 

for removing herbicides, glyphosate (GLY) and its main metabolite, aminomethylphosphonic 

acid (AMPA), from water.  

Being one of the common technologies in current water treatment plants, adsorption is chosen 

as the first technique. More advanced technologies, such as membrane filtration processes 
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(nanofiltration (NF) and reverse osmosis (RO)), can efficiently remove micropollutants and 

herbicides, but they require more energy than adsorption and ozonation [42, 43]. Different 

membrane technologies are applied to remove GLY and AMPA, including adsorption–

membrane hybrid system, nanofiltration membrane, and photocatalytic membrane. With each 

technology, the research objectives are addressed and answered: 

1)  Determine the removal potential of each technology at lab-scale and evaluate the remov-

al to meet EU guidelines for herbicides in water. 

2)  Identify the limiting factors for GLY and AMPA removal. 

3)  Investigate the mechanisms of GLY and AMPA removal and evaluate removal at opti-

mized conditions. 

At last, a comprehensive comparison among adsorption, adsorption–membrane hybrid system, 

nanofiltration membrane technology, and photocatalytic membrane is presented in this disserta-

tion, with the following criteria in consideration.  

• Evaluation of “effectiveness”: the removal efficiency of each technology and whether 

the EU guidelines for herbicides in water can be achieved at lab-scale systems. 

• Evaluation of “sustainability”: the estimated energy consumption of each technology at 

the optimized filtration conditions.  

Although this dissertation does not include real water interferences or the upscaling of the 

filtration system, the long-term goal is to design herbicide treatment processes that effectively 

remove herbicides to water guidelines with little or no chemicals added, low energy, and low 

risk to the environment.  

1.5 Structure of the dissertation 

The structure of this thesis is illustrated in Figure 1.5.  
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Figure 1.5. Schematic of the dissertation structure 

The theoretical background is explained in Chapter 2, following the structure of a literature 

review paper on the occurrence and removal technologies of GLY and AMPA. The chapter 

includes the occurrence and fate of GLY and AMPA in the environment, in which part of this 

section was the result of the study project of M.Sc. Harsha Philips, under P.T. supervision, 

challenges the detection and removal of GLY and AMPA, reviews current GLY and AMPA 

removal technologies, and conducts research.  

Chapter 3 presents the analytical method development for quantifying GLY and AMPA, as 

well as the problem identification and solving. 

Related publication: “P.B. Trinh, D.J. Mattern, A.I. Schäfer, Determination of glyphosate 

(GLY) and aminomethylphosphonic acid (AMPA) in water by direct injection liquid chro-

matography tandem mass spectrometry (LC-MS/MS), submitted to Scientific Reports, 

(2026)”. 

Chapter 4 examines the removal of GLY and AMPA using polymer-based spherical activated 

carbon (PBSAC) with varying adsorbent properties (size, activation level, oxygen content) and 

water conditions.  

Related publication: “P.B. Trinh, A.I. Schäfer, Adsorption of glyphosate and metabolite 

aminomethylphosphonic acid (AMPA) from water by polymer-based spherical activated 

carbon (PBSAC), Journal of Hazardous Materials, (2023) 131211”. 
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PBSAC, studied in Chapter 5, is then integrated with an ultrafiltration (UF) membrane for 

GLY and AMPA removal. The hybrid UF–PBSAC system is investigated, and the mass transfer 

limitation is discussed in the context of the short hydraulic residence time. 

Related publication: “P.B. Trinh, A.I. Schäfer, Removal of glyphosate (GLY) and ami-

nomethylphosphonic acid (AMPA) by ultrafiltration with permeate-side polymer-based 

spherical activated carbon (UF–PBSAC), Water Research, 250 (2024) 121021”. 

Chapter 6 presents the results of experiments on GLY and AMPA removal by nanofiltration 

(NF) membrane and discusses the herbicide transport in the membrane and removal efficiency.  

Related publication: “P.B. Trinh, M.N. Nguyen, Z. Futera, B. Minofar, M. Personeni, P.B. 

Petersen, A.I. Schäfer, The role of hydration in the removal of glyphosate (GLY) and ami-

nomethylphosphonic acid (AMPA) by nanofiltration membranes, Nature Communications, 

17 (2026) 3741”.  

Chapter 7 presents the experimental results of GLY and AMPA degradation by photocatalytic 

membrane under simulated sunlight. The limiting factor to the degradation process is studied, 

and the degradation pathway is discussed. 

Related publication: “P.B. Trinh, S. Liu, N.F. Himma, B. Fiser, A.I. Schäfer, Continuous-

flow photocatalytic degradation of glyphosate and aminomethylphosphonic acid under sim-

ulated sunlight with TiO2-coated poly(vinylidene fluoride) membrane, Advanced Functional 

Materials, Cover, 36, no. 21 (2026) e11431”.  

Chapter 8 summarizes and compares the results from different water treatment technologies to 

evaluate the removal efficiency of GLY and AMPA. 
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2 Theoretical background 

The chapter gives a brief literature review on glyphosate (GLY) and aminomethylphosphonic 

acid (AMPA) micropollutants in water bodies.  

After a brief introduction to the properties of GLY and AMPA, the fate and occurrence of these 

compounds in water are reviewed. The fate of GLY and AMPA in the environment was support-

ed by the fugacity model, which was done by Harsha Philips, a Master student, under the super-

vision of P.T. 

Subsequently, a review of the analytical methods and challenges in GLY and AMPA analysis is 

presented. 

Based on the understanding of GLY and AMPA, four different water treatment technologies will 

be reviewed: (1) current research on GLY/AMPA removal; (2) challenges in improving the 

removal efficiency. The four water treatment technologies include adsorption, hybrid adsorp-

tion–membrane filtration process, membrane filtration, and advanced oxidation technologies. 

The last part of this chapter highlights the comparison between four technologies. This compar-

ison is the key to the final conclusions of this project. 
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2.1 GLY and AMPA properties 

Glyphosate (N-(phosphonomethyl) glycine) (GLY) is a polar and hydrophilic compound with a 

molecular weight (MW) of 169 g/mol (Table 2.1) [44, 45]. Aminomethylphosphonic acid (AM-

PA), the primary metabolite of GLY, is frequently detected in surface waters alongside GLY 

[36, 37]. AMPA, with a molecular weight of 111 g/mol, exhibits similar toxicity to GLY [46, 

47]. Physically, GLY and AMPA are odorless, crystalline, white powders with a water solubili-

ty of 12 g/L and 50 g/L, respectively, at 20 °C [48, 49]. Being non-volatile compounds, GLY 

and AMPA volatilization from land to the atmosphere is unfavorable, and inhalation exposure is 

not expected to be significant [50]. However, these compounds can be dissolved and transported 

easily in water due to the high solubility in water [44, 51, 52]. 

Table 2.1: Chemical properties of GLY and AMPA [48, 49, 53, 54] 

Chemical GLY AMPA 

Chemical name N-(phosphonomethyl) glycine Aminomethylphosphonic acid 

Structure 

  
MW (g/mol) 169.07 111.04 

Log KOW −3.4 −2.2 

Solubility in water (g/L) at 

20 °C 

12 50 

pKa 0.8, 2.6, 5.6, 10.6 1.8, 5.4, 10.2 

Polarity High High 

H-donors/ acceptors 4/6 3/4 

GLY contains three polar functional groups: –COOH, –NH2, and ‒PO3H2 (Figure 2.1) [44, 45]. 

These functional groups can be protonated or deprotonated, making the charge of GLY strongly 

dependent on pH. GLY has four pKa: 0.8, 2.6, 5.8, and 10.8, with the charge of GLY ranging 

from +1 to –3 with an increase in pH [45, 55].  

 

Figure 2.1. Speciation of GLY at pH 2–12 (calculated by Visual MINTEQ (v 3.1, KTH, Sweden) at the correspond-

ing water matrix using the input parameters described in section 2.2) 
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AMPA, which is formed via C–N bond cleavage of GLY [62], contains two functional groups: 

–NH2 and ‒PO3H2 (Figure 2.2) [56]. There are three pKa values for AMPA (1.8, 5.4, and 10.2) 

[45, 55], making the charge of AMPA range from +1 to –2 [45, 55].  

 

Figure 2.2. Speciation of AMPA at pH 2–12 (calculated by Visual MINTEQ (v 3.1, KTH, Sweden) at the correspond-

ing water matrix using the input parameters described in section 2.2) 

At neutral pH 8, the charge of GLY is –2 and AMPA is –1 [54].  

Due to the complex physicochemical properties, GLY and AMPA are challenging to detect and 

remove from water [44, 45, 57, 58]. For analysis, the non-volatile nature of GLY and AMPA 

makes them difficult to analyze consistently by gas chromatography compared to other pesti-

cides, such as atrazine [59]. Additionally, GLY and AMPA are polar and hydrophilic, with high 

solubility, making these compounds easily soluble in water and difficult to separate from the 

water matrix for quantification [48]. GLY and AMPA can also form complexes with colloids 

and metal ions (Ca2+, Mg2+, Fe3+, and Al3+)[61, 62], which are more challenging to analyze [48, 

60]. For removal, GLY and AMPA are small molecules with the hydrodynamic diameter of 

0.62 nm for GLY and 0.49 nm for AMPA [61]. Therefore, GLY and AMPA can be transported 

easily in water. In addition, as GLY and AMPA are highly soluble in water [54], it is difficult to 

remove them from water using conventional water treatment technologies [65], which are also 

dependent on water chemistry and speciation [62, 63]. 

2.2 GLY and AMPA fate and occurrence in the 
environment  

The main sources of GLY and AMPA in the environment are agriculture and industry. The 

direct exposure of GLY in the environment is related to air spray in agricultural activities [64]. 

There has been a lot of debate over whether GLY from agriculture can contaminate water. In 

previous studies, GLY could be strongly adsorbed by soil, and the concentration was predicted 

to be low in water [65, 66]. Some stated that GLY cannot reach water; however, GLY was 
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detected in water at the range of µg/L to mg/L [67]. To determine whether GLY and AMPA 

contamination is an issue, the fugacity model would be studied.  

Fugacity model 

To understand the fate of GLY in the environment and the possibility of GLY contamination in 

water, a fugacity model was applied. The fugacity model of GLY fate in the environment was 

done by Harsha Philips, a Master student, under P.T. supervision.  

A fugacity-based approach was used to model the chemical fate of GLY in the environment. 

The fugacity approach, developed by group of Mackay in the early 1980s, has been described as 

the tendency of a chemical to escape from one medium to another [68-70]. Fugacity models 

account for partitioning and degradation of a chemical in a phase to predict steady-state concen-

trations. Conversion of equilibrium from concentration units to fugacity units makes it easy to 

use in mass-balance equations to simulate the distribution of chemicals within different media. 

While the chemical potential within a particular compartment is logarithmically related to the 

concentration, the equilibrium criterion of fugacity is linearly related to concentration [71]. 

Equilibrium between two phases is attained when the chemical in both phases has the same 

escaping tendency (fugacity), considering that all the environmental media are fully mixed. 

Fugacity is related to the concentration by a proportionality constant, the fugacity capacity. The 

fugacity capacity (𝑍) is dependent on pressure, temperature, nature of the substance and the 

medium [68, 69]. 𝑍 value depends on physical-chemical parameters, partition coefficient, and 

the compartment characteristics. 

Fugacity capacity for air: 𝑍𝑎 = 1/𝑅𝑇 (2.1) 

Fugacity capacity for water: 
𝑍𝑤 =

1

𝐻
= 𝐶𝑠/𝑃𝑠 

(2.2) 

Fugacity capacity for soil: 𝑍𝑠 =  𝐾𝑠𝑤 . 𝜌𝑠/𝐻 (2.3) 

 

where, 𝑅 is the universal gas constant [Pa.L3/K.m], 𝑇 is the absolute temperature [K], 𝐻 is 

Henry's law constant [Pa.L3/m], 𝐶𝑠  is the saturation concentration [m/L3], 𝐾𝑠𝑤 is the solid–water 

partition coefficient [L3 /m], and 𝜌𝑠 is solids density [m/L3] [69, 72]. 

The fugacity approach is classified into four levels with increasing complexity (Level I, Level 

II, Level III, EQC, QWASI) (Table 2.2). In the four levels, level II fits as GLY is being used 

continuously. Therefore, Level II will be used for modelling GLY fate in the environment. 

Table 2.2. Classification of fugacity models into four levels of complexity [68] 

Levels  Assumption Levels  Assumption 

Level I Equilibrium  

One-time input 

No flow, no degradation 

Level 

III 

Steady-state (non-equilibrium) 

Different fugacity in phases 

Flow, degradation 

Resistance in phase transfer 

Different inputs in compartments 

Level II Equilibrium 

Flow, degradation 

Phase transfer occurs fast 

Level 

IV 

Unsteady state (input rate, concen-

tration and fugacity vary with time) 
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For simplicity, the evaluative environment is chosen for this chapter. The definition of evalua-

tive environment follows the same assumptions as those used by Mackay et al. (1985) [73] in 

defining the “unit world”, which includes: 

• The environment is divided up to six compartments: air, water, soil, bottom sediment, 

suspended sediment, and aquatic biota. 

• All phases are homogeneous. Soil and sediment are not stratified with respect to concen-

tration. 

• Only aquatic biota considered are fish [69, 73].  

Volumes and densities of the environmental compartments are given in Table 2.3. 

Table 2.3. Volumes and densities of units considered [74] 

Volumes and densi-

ties for the unit 

world 

Volume (m3) Density (kg/m3) Fraction of organic 

content 

Air  1014 1.19 NA 

Water  2  · 1011 1000 NA 

Soil  9  · 109 1500 0.02 

Sediment  108 2400 0.04 

The level II model simulates the fate of a chemical when continuously emitted into the envi-

ronment at a constant rate and reaches a steady-state equilibrium once the input rate and com-

bined rate of output become equal [68, 69]. The rate of outflow, including advection (air, water, 

and sediment) and degradation (across all compartments), will affect fugacity [75].  In addition, 

the half-lives of the chemical in each medium need to be provided so that the overall persistence 

time can also be estimated [76]. The model input values were chosen from the International 

Union of Pure and Applied Chemistry (IUPAC) pesticide properties database under the A5 

category. These properties are listed in Table 2.4.  

Table 2.4. Model input values based on the Pesticides Properties Database [77] 

Parameter Unit GLY 

Molar mass g/mol 169  

Data temperature ºC 20 

Melting point  ºC 189 

Vapor pressure Pa 1.3 · 10–2 

Solubility in water  g/m3 10500   

Henry’s law constant  Pa.m3/mol 2.1 · 10–7 

Log octanol-water partition coefficient (log Kow)  -3.2 

Organic carbon partition coefficient (Koc)  1424 

Emission rate for Level II * kg/h 16  

Reaction half-life in soil days 23  

Reaction half-life in air  days 1011 (stable) 

Reaction half-life in water  days 10 

Reaction half-life in water-sediment  days 74 
* The emission rate was calculated from the normal usage in agriculture [78]. 

In this chapter, GLY is modelled using two spreadsheet-based freeware models developed by 

the Canadian Environmental Modelling Centre. 
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The results from the fugacity model are shown in Table 2.5. 

Table 2.5. The partitioning of GLY into different environmental compartments 

Phase  Concentration  Concentration unit Quantity (%) 

Air  9 · 10–6 ng/m3 ~ 0 

Water  105 ng/L 24 

Suspended solid 29 ng/g 0.1 

Fish  3 · 10–6 ng/g ~ 0 

Soil  3 ng/g 74 

Sediment  6 ng/g 1.9 

It was shown that 74% of GLY can reach the soil, where it can be adsorbed and degraded into 

AMPA [79, 80]. Meanwhile, 24% GLY can reach the water, resulting in a concentration of 105 

ng/L. Only a small amount of GLY can reach suspended solids and sediment (0.1% and 1.9%, 

respectively). Meanwhile, GLY does not stay long in the air, which is also due to its low volatil-

ity. The residence time is 22 days (530 h), with reaction persistence of 25 days and advection 

persistence of 172 days. The reaction in soil and water includes the degradation of GLY into 

different by-products (with AMPA being the main metabolite [53]).  

In conclusion, even though GLY can be adsorbed by soil, a high amount of GLY can still reach 

the water environment at high concentration. Moreover, GLY in soil can also be biodegraded 

into by-products, including AMPA. Therefore, GLY and AMPA contamination in water is 

indeed an issue that has been raised in research on the detection of these micropollutants. 

Fate of GLY and AMPA in the environment 

The overall fate of GLY and AMPA in the water environment is summarized in Figure 2.3. 

 

Figure 2.3: Fate of GLY and AMPA in the water environment 

As mentioned before, the main sources of GLY and AMPA in the environment are agriculture 

and industry [64]. In addition, GLY is not only confined to agricultural sources, but also comes 

from urban roads and railways, as found in the Orge basin (France) [81]. Torstensson et al. 
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showed that railway maintenance was a major source of GLY contamination in Sweden, as 

GLY residues were found in railway drainage and nearby groundwater [82]. Hanke et al. found 

that GLY leached with fast runoff from hard surfaces, wastewater treatment plants, sewer sys-

tem overflows, and separate sewer systems, accounting for 60% of GLY in surface water [83]. 

In a recent study by Schwientek et al., the main source of GLY in European rivers was found 

not to be from agriculture, but rather from phosphonates used as antiscalants and bleach stabi-

lizers in urban applications, such as laundry [84]. This study has raised a controversial debate 

among farmers, researchers, and industry over the sources and impacts of GLY and AMPA 

[85]. Some claimed that the final results were overestimated because the impact of water hard-

ness on the analysis was not considered. In later research, Engelbart et al. and Röhnelt et al. 

provided experimental evidence, along with analytical methods, to support the findings reported 

in previous studies [86, 87]. As GLY and AMPA cannot be removed by current technologies, 

resulting in the discharge of GLY/AMPA into the water environment from industrial, urban, and 

agricultural sources [88-90]. After entering the environment, GLY undergoes physical, chemi-

cal, and biological processes that affect its degradation and persistence, forming AMPA [91]. 

Hence, GLY and AMPA always appear together in the environment. 

GLY and AMPA occurrence in the water environment 

GLY and its metabolite AMPA occur at the concentration of 0.2 to 370 µg/L in groundwater 

and surface water [30, 92-94], although GLY concentration can be in the range of milligrams 

per liter in some water bodies [67]. Sanchis et al. reported GLY concentrations as high as 2.6 

μg/L in Catalonia, Spain, which is higher than the EU limit for surface and ground water [95]. 

Carles et al. reported that GLY and AMPA were the two most commonly detected herbicides in 

rivers across Europe [96]. Torstensson et al. reported GLY occurrence above 50 ng/L in 

groundwater in Swedish railway embankments [82]. A study by Campbell et al. reported that 

GLY and AMPA concentrations did not change or increased after WWTP, and the 11-year data 

showed an increasing GLY trend, with concentrations ranging from 0.4 to 370 µg/L [90]. In 

Germany, GLY and AMPA were detected in surface and groundwater at around 1 µg/L [97, 

98]. Table 2.6 summarizes GLY occurrence in the water environment in previous studies. 

Table 2.6. Review of GLY occurrence studies in water 

Location Compartment Max GLY levels 

detected 

Reference 

Cordoba, Argentina Water 125 μg/L [99] 

Mai Po Nature Reserve, Hong 

Kong 

Estuarine water 

Freshwater pond 

2191 μg/L 

216 μg/L 

 

[100] 

Mississippi Water 290 μg/L [101] 

Rouffach, France Runoff water 86 μg/L [101] 

Hopelchen, Mexico Groundwater 1.41 μg/L [102] 

Baden-Württemberg, Germany Surface water 0.33 μg/L 

1.2 μg/L 

[103]  

Because of the low concentrations in water and the persistence of GLY and AMPA, detecting, 

monitoring, assessing impacts, and removing these herbicides are challenging.  
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2.3 GLY and AMPA analysis in water 

Analytical methods used to analyze GLY and AMPA are typically based on chromatography. 

Table 2.7 summarizes the analytical methods for GLY and AMPA in water. 

Table 2.7: An overview of analytical methods for the determination of GLY and AMPA in water 

Analyte Matrix (sample 

amount) 

Sample treatment LOD (ng/L) Detection 

technique 

Ref 

GLY and 

AMPA 

Surface water 

(10 mL) 

Derivatization 

SPE 

100 (GLY) 

220 (AMPA) 

GC-FPD1 [104] 

GLY Surface water 

(25 mL) 

Derivatization 

SPE 

200  ESI2-

MS/MS 

[105] 

GLY and 

AMPA 

Environmental 

water (4 mL) 

Derivatization 

Online SPE as a 

preconcentration step 

1000 (GLY) 

2000 (AMPA) 

ESI-MS/MS [106] 

GLY and 

AMPA 

Water (30 mL) SPE 1000 (GLY) 

290 (AMPA) 

ICP3-

MS/MS 

[107] 

GLY and 

AMPA 

Water (2 mL) Direct injection 

Large volume injec-

tion 

250  ESI-MS/MS [108] 

GLY and 

AMPA 

Water (0.2 mL) Derivatization 

 

200 (GLY) 

50 (AMPA) 

ESI-MS/MS [109] 

GLY and 

AMPA 

Sea water (500 

mL) 

Derivatization 

SPE 

120 (GLY) 

220 (AMPA) 

ESI-MS/MS [110] 

1 flame photometry detector                  2 electrospray ionization                     3 inductively coupled plasma 

Gas chromatography with mass spectrometry (MS) or flame photometry detectors [104, 111] 

can analyze GLY and AMPA with LOD of 50 ng/L [104, 111, 112]. As GLY and AMPA are 

non-volatile, sample treatment and derivatization are required to convert these micropollutants 

into sufficiently volatile, thermally stable derivatives that can be detected by mass spectrometry 

(MS) [113-115]. Ion chromatography (IC) with tandem MS (IC-MS/MS) was studied but re-

quired the addition of ethylenediaminetetraacetic acid (EDTA) to improve the recovery of 

GLY/AMPA [116]. Liquid chromatography with MS or tandem MS (LC-MS or LC-MS/MS) 

using an electrospray ionization source (ESI) could analyze GLY and AMPA. In previous 

studies, reverse-phase liquid chromatography (LC) has been applied to detect GLY and AMPA 

using ESI-MS or UV detection [122, 123], with a LOD of 50 ng/L. However, solid-phase ex-

traction and derivatization steps using solvents such as p-toluenesulfonyl chloride and FMOC-

Cl were required [117, 118]. The derivatization enhances hydrophobicity, improves separation 

and ionization [124], and increases sensitivity [119, 120]. Nevertheless, the residual FMOC-Cl 

or byproducts could interfere with the analysis, which requires further cleanup, maintenance, 

and careful optimization [121]. In addition, extraction and derivatization are time-consuming 

and can increase analytical errors, especially for GLY and AMPA in environmental samples at 

environmentally relevant concentrations [122]. The direct analytical method was studied for 
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GLY and AMPA in water. Okada et al. investigated a direct injection method using an ion 

exchange column for GLY and AMPA in environmental water samples with the LOD of 250 

ng/L [108]. Another direct injection method for analysis of GLY and AMPA using charged-

surface LC-MS/MS was developed for drinking water and surface waters, which achieved LOD 

of 110 ng/L [123]. However, the investigated method could not reach the desired LOD of 10 

ng/L for further studies on water treatment. 

Table 2.8 summarizes analytical challenges for GLY and AMPA in water.  

Table 2.8. Analytical challenges for GLY and AMPA in water 

Challenges Description 

Solubility  GLY and AMPA are highly soluble in water but insoluble in organic 

solvents, making them difficult to extract from water matrices [124]. 

pH dependent GLY and AMPA properties are dependent on water chemistry [44, 125] 

with multiple pKa values [119, 126]. 
Low concentration GLY and AMPA occur in water at concentrations in the range of µg/L 

[30, 67, 92-94]. 

Low volume samples Environmental samples and water samples from water treatment exper-

iments in research often have low volumes (2–10 mL), which are not 

suitable for pre-treatment steps.  

High error Due to the sample preparation and low concentration, the analytical 

error is high.  

Ion suppression can affect the performance of chromatography and spectrometry. Ion suppres-

sion can be caused by endogenous substances (ionic or highly polar compounds in the sample) 

and exogenous substances (substances introduced during sample preparation) [127, 128]. Ion 

suppression causes inconsistent analyte signals (gain or loss), low repeatability, and poor quan-

tification [129]. Due to these difficulties, research is often carried out at spiked concentrations 

that exceed realistic micropollutant levels (in the range of mg/L) [130]. For example, Naghdi et 

al. investigated the adsorption of GLY by metal–organic frameworks from a feed concentration 

of 5 mg/L [136], which exceeds environmentally relevant concentrations in real water. Song et 

al. studied GLY removal by a hollow fiber NF membrane, using UV-Vis spectrophotometry for 

GLY analysis in the feed at a concentration of 500 mg/L [63], requiring careful consideration of 

safety hazards in a laboratory. In addition, sample preparation for analysis often requires a high 

volume for extraction, which is not realistic for water samples from lab-scale water treatment 

experiments, where the sample volume ranges from 2–10 mL. With the requirement for analysis 

at environmentally relevant low concentrations (in the range of ng/L to µg/L) and low sample 

volumes, studies on analytical method development are needed to support further investigation 

of treatment technologies. 

2.4 GLY and AMPA removal from water 

Several approaches have been developed to remove GLY and AMPA from water, including 

physical/ physiochemical, biological, and advanced oxidation processes (AOPs) [131, 132] 

(Figure 2.4). Physical/physiochemical includes coagulation/flocculation, adsorption, and mem-

brane filtration. Biological involves the degradation of GLY and AMPA by microorganisms, 

such as bacteria and fungi. Meanwhile, AOPs include ozonation, Fenton oxidation, electro-
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chemical oxidation, and photochemical oxidation. The newer approach is a hybrid process that 

combines different water treatment technologies. The “connections” between different points in 

Figure 2.4 will be introduced later. 

 

Figure 2.4. Water treatment technologies for GLY and AMPA removal in the water environment 

 

Physical/physiochemical processes 

Physical/physiochemical processes include coagulation/flocculation, adsorption, and membrane 

filtration (Figure 2.5).  

Coagulation and flocculation are commonly used in water treatment plants. Even though GLY 

and AMPA can bind with metals such as (Ca2+, Mg2+, Fe3+, and Al3+), the small molecular 

weight of GLY (169 g/mol) and AMPA (111 g/mol) hinders the reaction. Moreover, the interac-

tion between GLY/AMPA and the coagulant is strongly dependent on coagulant dose and pH 

[61, 62], leading to poor removal (< 20%) of GLY and AMPA by coagulation/flocculation 

[133]. To improve the removal efficiency, coagulation was combined with other technologies 

[134]. Daniel Villalobos-Lara et al. studied GLY removal in an electrocoagulation reactor, 

achieving 30–40% removal from an initial concentration of 270 mg/L [134]. The removal was 

slightly improved, but the electrocoagulation time was limited (reaching hours). Another ap-

proach to reduce the hydraulic residence time (HRT) was microsand ballasted flocculation 

[133]. The HRT was reduced to 19–28 min; however, the removal was still low, 34–58% for 

GLY and 25–63% for AMPA, from a feed concentration of 5–10 µg/L. 
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Figure 2.5. Physical/ physiochemical technologies for GLY and AMPA removal in water  

Adsorption is a common technology to remove herbicides that has been applied in pilot and full-

scale plants for micropollutant removal [135-139] due to its low cost, ease of operation, flexibil-

ity, and absence of by-product formation [140]. Some adsorbents for GLY removal include 

industrial residues [147], biochar [148, 149], ion-exchange resins [141, 142], metal–organic 

frameworks (MOFs) [143, 144], magnetite nanoparticles [145], and activated carbon (AC) [146, 

147]. Goethite has been studied for the removal of GLY and AMPA, achieving 20–80% remov-

al from 0.8 M salt GLY in batch experiments [148, 149]. Ion exchange in a batch reactor could 

remove 90% GLY from an initial concentration of 400 mg/L [142], but can only adsorb charged 

pollutants and ions. Interference from other water components can reduce the number of adsorp-

tion sites [150, 151]. Industrial residues and biochar could remove 60–80% GLY from 1 µg/L–

100 mg/L in batch [152-154]. Metal-organic frameworks (MOFs) and metal oxide nanoparticles 

[155, 156] could remove > 80% GLY and AMPA, but raised toxicological concerns due to the 

penetration of nanoparticles into treated water [156]. Compared to other adsorbents, AC still has 

advantages, such as non-selective adsorption and a safe material. At the lab scale, most experi-

ments were conducted in static adsorption, leaving the challenge of dynamic adsorption. Anoth-

er drawback of adsorption is the exhaustion of the adsorbent, which will inhibit long-term 

operation and require adsorbent regeneration [157].  

Membrane filtration acts as a physical barrier that rejects micropollutants. While microfiltration 

(MF) and ultrafiltration (UF) cannot remove GLY and AMPA due to the large pore size (100–

10000 nm, and 2–100 nm, respectively), nanofiltration (NF, pore size 0.5–2 nm) and reverse 

osmosis (RO, pore size <0.5 nm) can do so due to the smaller pore size [158-161]. NF and RO 

membranes with a low molecular weight cut-off (MWCO, indicating the molecular weight of 

solutes that are at least 90% retained by the membranes) of 100–300 Da can partially remove 

GLY and AMPA from water [130, 162, 163]. DOW XLE and Toray THM (RO membrane, 

MWCO 100 Da [164, 165]) in a pilot system removed 97% AMPA from 0.7 µg/L feed under 

pressure of 5.8 bar [163]. A more permeable membrane, NF 300 (MWCO 180 Da), can reject 

95% GLY from 48 mg/L under pressure 10 bar [162]. Looser pore NF membranes (MWCO 

150–300 Da) could only remove 80% GLY and 70% AMPA from an initial concentration of 50 

µg/L at 25 bar [130]. Under such high pressure (up to 25 bar for NF and up to 120 bar for RO), 
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GLY/AMPA removal was still incomplete due to the small molecular sizes of GLY and AMPA 

[54]. That is also the main disadvantage of NF and RO membranes, which is the high pressure 

required for operation. The pressure would be scaled up with energy consumption (0.2–0.4 

kW.h/m3 for NF, 0.4–1.7 kW.h/m3 for RO [159, 160]) and operational cost [130, 166]. Addi-

tionally, pre-treatment [167, 168] and further concentrate treatment to eliminate micropollutants 

are required for membrane filtration [169].  

In conclusion, adsorption by AC and membrane filtration provide efficient removal for GLY 

and AMPA, which will be investigated further in this dissertation. 

 

Biological processes 

Biological involves the degradation of GLY and AMPA by microorganisms, such as bacteria 

and fungi.  Organisms break down GLY/AMPA into smaller-sized molecules (including AMPA 

formed during GLY degradation). In these enzymatic reactions, other by-products are produced 

[170]. GLY and AMPA decomposition can be carried out by fungi, bacteria, actinomycetes, and 

algae [170]. Borella et al. studied bacteria-microalgae for GLY removal, which can remove 54–

79% GLY from 5–50 mg/L [171]. The degradation of different kinds of microorganisms could 

remove up to 90% of GLY [172]. However, these processes often take a long time, require 

energy for aeration, and produce sludge [173] (Figure 2.6). As the target is to treat surface 

water, biological treatment will not be studied in this dissertation. 

 

Figure 2.6. Biological treatment for GLY and AMPA in water  

 

Advanced oxidation processes 

Advanced oxidation processes (AOPs) are promising technologies with the potential for rapid, 

non-selective oxidation [174]. AOPs include ozonation, Fenton oxidation, electrochemical 

oxidation, and photochemical oxidation (Figure 2.7).  

Ozonation and ultrasonication were applied to remove 45–80% GLY from water at an initial 

concentration of > 30 mg/L [175, 176]. Fenton reaction, such as photo-Fenton [177-179] and 

electro-Fenton [180, 181], could degrade 40–80% GLY from the initial concentration of 5–10 

mg/L. Ti/PbO2 anode was used to remove > 90% GLY from an initial concentration of 16.9 

mg/L using electrochemical degradation [182]. However, ozonation can produce hazardous by-

products, such as non-biodegradable bromates [191], while Fenton oxidation requires pre- and 

post-treatment, and electrochemical oxidation requires high energy and electrode maintenance 
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[173]. Furthermore, the stability of reactive oxygen species (ROS) precursors can also limit the 

performance of AOPs in GLY/AMPA degradation [183, 184]. 

 

Figure 2.7. Advanced oxidation processes for GLY and AMPA treatment in water  

Within AOP processes, heterogeneous photocatalysis using light-activated semiconductors 

introduces effective persistent micropollutants degradation, reducing the use of chemicals [185]. 

Due to the photocatalytic activity and physical and chemical stability, titanium dioxide (TiO2) 

has been used for photocatalytic degradation [186-188]. GLY and AMPA can be effectively 

degraded by TiO2-mediated photocatalysis [175]. A commercial Aeroxide© TiO2-P25 can 

degrade >90% GLY from the initial concentration of 25 mg/L [189]. TiO2-coated materials, 

such as magnetic NiFe2O4 [199] and graphene [200], can enhance photocatalytic degradation 

from 65% to >90%. However, photocatalytic degradation can be inhibited due to low light 

penetration in the media [190, 191].  

Photocatalytic degradation shows potential for GLY/AMPA removal, which will be further 

studied in this dissertation. 

 

Hybrid process 

The hybrid process is the combination of different technologies (membranes, adsorption, or 

catalysts) in a multiple-function system [192]. In this concept, different points are connected 

(Figure 2.8).  
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Figure 2.8. “Connecting” different water treatment technologies for GLY and AMPA removal in water  

This process combines the advantages of different water treatment technologies to enhance 

performance while maintaining a low footprint (Figure 2.9) [193]. For example, adsorption with 

powdered activated carbon (PAC), which can adsorb micropollutants, was combined with UF, 

which retains PAC and also organic matter, bacteria, viruses, and particulates [204], or a biolog-

ical method with a membrane or catalyst to degrade pollutants and then reject them from water 

[194]. Coagulation was combined with electrochemistry to enhance the removal [134]. Howev-

er, the decision on which technologies should be chosen can be random, resulting in low per-

formance of the hybrid system or causing additional issues (competition, unnecessary use of 

chemicals). 

 

Figure 2.9. Hybrid processes for GLY and AMPA removal in water  

Most reported studies on GLY/AMPA removal were carried out at high feed concentrations (in 

mg/L) [200, 206], which exhibited different reaction kinetics and transport [195]. In addition, 

achieving the water guideline (100 ng/L) remains a challenge that requires significant advance-

ment in materials and technology processes. 

2.5 GLY/AMPA adsorption by activated carbon 

One of the commonly used technologies in the water treatment plant for micropollutant removal 

is adsorption by AC. Therefore, the first technology chosen for GLY and AMPA removal is 
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adsorption. First, it is important to understand the adsorption mechanisms of GLY and AMPA 

on AC. 

GLY/AMPA adsorption mechanism on AC 

The mass transfer mechanism of GLY and AMPA can be characterized in four steps (Figure 

2.10) [196].  

1) Bulk transfer: transport of GLY/AMPA from the bulk to the film (boundary) layer. 

2) Film diffusion: transport of GLY/AMPA through the boundary layer to the AC surface. 

3) Surface and intra-particle diffusion: Transport of GLY/AMPA on the surface and into 

the AC pore. 

4) Adsorption: energetic interaction between GLY/AMPA and AC adsorption sites on 

both external and internal surfaces. 

 

Figure 2.10. Schematic of GLY and AMPA mass transfer mechanisms by AC 

While bulk transfer is considered fast, film diffusion, surface diffusion, and intra-particle diffu-

sion are much slower, which defines the adsorption kinetics.  

Energetic interactions between GLY/AMPA and AC include (1) hydrogen bonding, (2) van der 

Waals interaction, (3) XH–π interaction, and (4) cation–π interaction (Figure 2.11) [197, 198]. 

Hydrogen bonding occurs between the phosphonate or carboxylate groups of GLY/ AMPA and 

the functional groups on the AC surface [199]. Van der Waals interactions are applied to all 

GLY/AMPA molecules and AC under any conditions. Van der Waals interactions are stronger 

for larger molecules due to greater molecular polarizability; hence, GLY is expected to interact 

more strongly with AC than AMPA [200-202]. XH–π interaction, which can be considered as a 

type of hydrogen bonding, takes place between the electron-deficient hydrogen atom in the N–H 

and O–H bond and an electron-rich π-ring on AC (if applicable) [203]. Cation–π interaction is 

the interaction between amine groups of GLY and AMPA and the π-ring on AC (if applicable) 

[204]. However, the nearby carboxylate and phosphonate groups may hinder this interaction. 

All interactions occur when GLY/AMPA are close to the AC surface (within 0.5−1 nm) [203-

205].  
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Figure 2.11. Schematic of energetic interactions between GLY/AMPA and AC 

Challenges of adsorption 

The important factors limiting adsorption include HRT and the availability of adsorption sites 

(surface area, pore volume, and loading). To achieve good adsorption performance, AC must 

have appropriate characteristics to overcome these limitations, which requires further investiga-

tion into adsorbent advancement. Polymer-based spherical activated carbon (PBSAC) can be a 

promising alternative adsorbent for micropollutant removal [206]. 

Polymer-based spherical activated carbon (PBSAC) 

PBSAC is a commercial AC from Blücher, Germany. PBSAC has a specific surface area of 

1600 – 2100 m2/g, which is higher than GAC (500 – 1200 m2/g) and similar to PAC (800‒1700 

m2/g) [207-209]. The synthesis of PBSAC involves carbonization and activation of a well–

defined, high–purity polymeric precursor [210]. PBSAC is uniform in shape and in its charac-

teristics (size, porosity, and surface composition). Although PBSAC has a neutral net charge, 

Raman spectroscopy identified carboxylic groups on the PBSAC surface, with an oxygen con-

tent of 5% (the majority is carbon) [206]. Oxygen-containing groups on the PBSAC surface 

offer higher adsorption affinity for hydrophilic compounds such as GLY and AMPA. PBSAC 

has a pore volume of 0.6–1.3 cm3/g, with a maximum of 3.5 cm3/g [210], greater than PAC 

(0.2–1 cm3/g) [209]. Compared to conventional AC, the increased surface area and pore volume 

may enable a larger adsorption capacity.  

In previous studies, PBSAC could remove >90% of hydrophobic micropollutants, such as 

steroid hormones (17β-Estradiol), which have a higher molecular weight (272 g/mol) than GLY 

and AMPA [206]. The adsorption of steroid hormone was significantly faster with the smallest 

PBSAC size (diameter of 78 µm) than GAC (diameter of 0.4–1.1 mm) [206, 211, 212]. The EU 

guidelines for steroid hormones were achieved by adsorption on PBSAC [207]. With the proven 

high adsorption for micropollutants, PBSAC will be selected to remove GLY and AMPA from 

water in this dissertation, with the expectation of overcoming the complex physicochemical 

properties of GLY/AMPA. 



 

25 

While most lab-scale adsorption experiments are in batch mode, the hybrid adsorption-

membrane system can operate in dynamic mode, taking advantage of both processes.  

2.6 Membrane-adsorption hybrid processes 

As mentioned in the previous section, this process combines the advantages of different water 

treatment technologies to enhance performance while maintaining a low footprint (Figure 2.9) 

[193].  

Hybrid membrane process designs 

Three main designs for hybrid systems include: (1) feed-side adsorption (adsorption before 

filtration), (2) integrated adsorption–filtration (adsorbents and membranes are in the same 

module), and (3) permeate-side adsorption (filtration before adsorption) (Figure 2.12) [193].  

 

Figure 2.12. Three hybrid membrane process designs: feed-side adsorption (Design 1), integrated adsorption-

filtration (Design 2), and permeate-side adsorption (Design 3). Adapted from [193]. 

Design (1) feed-side adsorption and design (2) integrated adsorption–filtration could remove 

60–90% of micropollutants such as steroid hormones and pharmaceuticals from water [135, 

192]. The addition of AC adsorption before membrane filtration can effectively reduce fouling 

in membrane processes [213, 214]. The drawback of these systems was direct contact between 

the adsorbents and all feed water components (such as organic matter, bacteria, and viruses) 

[137, 215], which could compete for adsorption sites and interfere with micropollutant adsorp-

tion [216-219]. On the other hand, permeate-side adsorption is more attractive, as micropollu-

tants are removed by adsorption from polished water [232, 233], which means the membrane 

acts as a barrier to retain organic matter and bacteria, thereby enhancing adsorption perfor-
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mance. The combination of adsorption, which can remove GLY/AMPA, and a membrane, 

which can retain AC particles and other water components (organic matter, bacteria, viruses, 

and particulates), is promising [193]. 

Hybrid membrane process and adsorptive composite membrane 

The hybrid system can be mistaken for a composite membrane. The concept of adsorptive 

composite membrane is the immobilization of adsorbents in/on the membrane [48, 153]. The 

adsorptive composite membrane designs include mixed-matrix membranes [220], feed-side 

incorporation in MF/UF membranes [220], and permeate-side incorporation in MF/UF mem-

branes [221]. While the hybrid system is often applied to AC (PAC, GAC), an adsorptive com-

posite membrane is used for sub-micrometer to nanometer-sized adsorbents (i.e., nanoparticles 

or superfine PAC). UF membrane was integrated with carbon nanotubes in its ultrathin sub-

millimeter support layer, which could remove 85% steroid hormones [221]. However, the use of 

carbon nanotubes raises toxicological concerns, as their release into water and the environment 

can be challenging to assess [222]. Moreover, due to the limit on adsorbent loading in adsorp-

tive composite membranes, the hybrid membrane–adsorption system is more preferred for 

applications.  

Ultrafiltration membrane with permeate side PBSAC (UF–PBSAC)  

While NF membranes can remove GLY and AMPA, the main disadvantage remains in the high 

applied pressure. UF membranes with higher permeability cannot remove GLY and AMPA due 

to their large pore size, as discussed in the previous section, but require less energy for opera-

tion [161]. However, micropollutant removal can still be achieved by integrating membrane and 

adsorption in an in-situ or flow-through mode. In this case, UF membrane can be a barrier to 

retain organic matter and bacteria, subsequently enhancing the adsorption performance [223]. 

Based on this concept, Tagliavini et al. combined ultrafiltration with a millimetric permeate-

side layer of polymer-based spherical activated carbon (UF–PBSAC) to remove steroid hor-

mones. UF–PBSAC could remove > 96% steroid hormones from an initial concentration of 100 

ng/L [207]. Steroid hormone adsorption was limited by mass transfer, as adsorption occurred 

only on the external surface of PBSAC at short HRT (< 20s) [207]. When adsorbents are incor-

porated into membranes for ‘dynamic’ adsorption, GLY and AMPA removal is expected to be 

poorer due to the short HRTs in the adsorbent layer, which can limit GLY/AMPA diffusion to 

the adsorption sites [139, 224]. Therefore, GLY/AMPA needs to overcome the mass transfer 

limitation to reach the adsorbent surface within a short HRT in a dynamic adsorption−filtration 

process. 

In conclusion, UF–PBSAC can be studied for GLY/AMPA removal, in which PBSAC adsorbs 

GLY/AMPA while the membrane rejects organic matter and bacteria, which can interfere with 

adsorption performance. The limiting factor can be the HRT, in which GLY/AMPA has less 

time to interact with PBSAC in dynamic mode. 
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2.7 GLY/AMPA rejection by NF membrane 

NF membrane can remove GLY and AMPA, as sub-nanometer pores reject target molecules 

[225-227]. In pressure-driven processes, pressure was applied to the membrane, pushing water 

and GLY/AMPA molecules toward the membrane surface. The rejection mechanisms of mi-

cropollutants by NF/RO membranes include (1) size exclusion, (2) Donnan exclusion, and (3) 

dielectric exclusion [228, 229].  

Size exclusion 

Membrane removes GLY/AMPA based on relative membrane pore size and molecular size 

(Figure 2.13) [230-232]. Molecules with a diameter smaller than the membrane pore diameter 

can pass through the membrane, and molecules with a diameter bigger than the membrane pore 

are retained in the concentrate. Rejection by size exclusion depends on NF membrane pores and 

the molecular characteristics of GLY/AMPA [233]. However, the membrane pores are not 

uniform in size [234, 235], and the GLY/AMPA molecules are diverse in shape and orientation 

[236], leading to the molecules subsequently passing through the membrane.  

 

Figure 2.13. GLY/AMPA rejection by NF membrane via size exclusion 

Donnan (charge) exclusion 

GLY/AMPA can be retained by the membrane due to charge interactions (electrostatic repul-

sion/ attraction) between the charged GLY/AMPA molecules and the charged surface of the 

membrane [237-239]. Electrostatic repulsion occurs between GLY/AMPA and the membrane 

with the same charge, while electrostatic attraction occurs between ions/molecules and the 

membrane with a different charge.  
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Figure 2.14. GLY/AMPA rejection by NF membrane via Donnan exclusion 

The charge exclusion is defined by the double layer of the membrane, a structure containing 

ions formed on the interface between the membrane and the surrounding water environment 

[240-242]. The double layer on the membrane surface is characterized by the zeta potential 𝜁 

[240] and the double layer thickness of charge solutes on the membrane surface (Debye length, 

𝜅−1)  [241, 242]. While 𝜁 quantifies the charge of the membrane, 𝜅−1 defines the change in the 

interaction between the molecules and the pore. Zeta potential 𝜁 is the electrical potential at the 

slipping plane at which distance from the membrane surface the electrolyte ions become mobile 

[240]. The more negative the zeta potential 𝜁 is, the more negative the membrane surface charge 

is. The commercial NF membrane surface is usually negatively charged at operational pH [243, 

244]. As GLY and AMPA are negatively charged at neutral pH 8, electrostatic repulsion be-

tween GLY/AMPA and the NF membrane.  

 

Figure 2.15. Debye length at different membrane pore sizes 

The Debye length describes the thickness of the double layer, in which the transport of GLY 

and AMPA molecules smaller than the membrane pore size can be controlled by charge exclu-

sion (Figure 2.15) [241, 242, 245]. If the Debye length is greater than the pore radius, charged 

species can interact with charged pore walls. Hence, depending on the charge of the pore wall, 
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the molecules might encounter the electrostatic resistance [246]. If the Debye length is smaller 

than the pore radius, molecules will be able to pass through the pores without electrostatic 

interaction with the pore wall. Naturally, pores are tortuous, which complicates the transport of 

GLY and AMPA molecules. 

Dielectric exclusions 

Dielectric exclusion is the phenomenon in which GLY and AMPA transport from the bulk 

solution to membrane pores is hindered by the difference in dielectric constant [237, 247]. In the 

bulk solution, a molecule is surrounded by water molecules, forming the hydration layer (Figure 

2.16) [200]. When a GLY/AMPA molecule enters a membrane pore from the water solution, it 

needs to be dehydrated [248] and move from an environment with a higher dielectric constant to 

one with a lower dielectric constant [249, 250], which requires energy [237, 251, 252]. There-

fore, dielectric exclusion is related to (1) the combined size of the molecule and the hydration 

layer being larger than the pore  [247, 253], and (2) the resistance of the molecule entering the 

membrane pores due to the energy barrier caused by the hydration shell [254]. Dielectric exclu-

sion is independent of the net charges of the GLY/AMPA and the membrane; hence, it always 

occurs in membrane filtration and plays an important role in micropollutant rejection [249]. 

Studies on ion rejection by NF membranes showed that dielectric exclusion contributed 50–70% 

to ion rejection [255]. It is potentially an important mechanism in NF pore transport that has 

been examined for ions [238, 256] but not yet for charged organic compounds. 

 

Figure 2.16. GLY/AMPA rejection by NF membrane via dielectric exclusion 

Sorption–diffusion 

GLY and AMPA can be adsorbed on membrane surface materials (such as polyamide) via H-

bonding [130] and van der Waals interaction [130, 257]. Then, the molecules can partially 

transport through the membrane pores due to a combination of desorption, diffusion, and con-

vection (Figure 2.17) [228, 229]. GLY/AMPA, as charged and hydrophilic micropollutants, 

have weaker interactions with polyamide than uncharged and hydrophobic micropollutants 

[258]. Therefore, the adsorption on membrane material is lower [130] and less GLY/AMPA is 

transported through NF membrane pores by sorption–diffusion than uncharged and hydrophobic 

micropollutants. 
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Figure 2.17. GLY/AMPA transport in NF membrane via sorption–diffusion 

While adsorption is commonly used in water treatment, NF membranes can effectively reject 

micropollutants such as GLY and AMPA. As previous studies mainly focused on high concen-

trations of GLY/AMPA, herbicide removal at environmentally relevant concentrations is need-

ed. From the transport mechanism, the removal of GLY and AMPA can be strongly dependent 

on the membrane choice (pore size, charge) and the charge of GLY and AMPA. In addition, 

flux can also be a limiting factor.  

2.8 GLY/AMPA removal by photocatalytic 
degradation 

Heterogeneous photocatalysis using TiO2 can degrade 65% to >90% of GLY at an initial con-

centration of 25 mg/L in previous work [189]. In fact, TiO2 has been extensively researched for 

photocatalytic degradation owing to its physical and chemical stability, and photocatalytic 

activity [186-188].  

Mechanisms of GLY and AMPA photocatalysis degradation by TiO2 

TiO2 absorbs photons, leading to the excitation of electrons from the valence band to the con-

duction band (𝑒𝐶𝐵
− ) and generates electron holes in the valence band (ℎ𝑉𝐵

+ ) [259, 260]. The 

charge carriers 𝑒𝐶𝐵
−  and ℎ𝑉𝐵

+  can directly degrade GLY/AMPA adsorbed on the TiO2 surface. 

These charge carriers can also react with oxygen and water in redox reactions, generating ROS. 

ℎ𝑉𝐵
+  can oxidize water molecules (H2O) or hydroxide ions (OH–), generating hydroxyl radicals 

(•OH), a ROS with strong reactivity [261, 262]. Meanwhile, 𝑒𝐶𝐵
−  can reduce oxygen to create 

superoxide radicals (•O2
-) [263]. The photodetachment of electrons from •O2

- forms the singlet 

oxygen (1O2) [264, 265]. These ROS subsequently degrade GLY and AMPA [266].  

GLY and AMPA can be oxidized by ROS, following two main pathways: (1) C–N bond cleav-

age, forming AMPA and glyoxylic acid, and (2) C–P bond cleavage, generating sarcosine, 

which is then degraded to glycine [267]. Pathway (2) is preferred due to the formation of safer 

intermediate products [267-269]. However, the C–P bond in GLY and AMPA, which has a high 

bond energy, is thermally stable and chemically resistant [270]. Therefore, AMPA is the main 

product of GLY degradation [175]. In synthetic and real water matrices, the presence of ROS 



 

31 

scavengers (i.e., CO3
2–, HCO3

–) can compete with GLY and AMPA for ROS reactions, leading 

to incomplete degradation [271, 272]. 

Photocatalytic membrane reactors 

Photo-catalyst recovery, mass transfer of reactants/ROS, and reduced illumination due to ag-

glomeration and turbidity of photocatalyst nanoparticles are problems in conventional suspen-

sion photocatalysis systems [273, 274]. In batch, Chen et al. found that TiO2 loading was a 

limiting factor for GLY degradation, as more ROS were produced [191]. However, further 

increase in TiO2 loading could prevent light penetration and might cause catalyst agglomeration 

[190, 191]. The need for photocatalyst recovery and the potential for catalyst agglomeration in 

suspended systems can be reduced by using a photocatalytic membrane reactor, a hybrid tech-

nique that combines membrane filtration with photocatalysis in a single unit [275-277]. Another 

drawback of both batch and photocatalytic membrane reactors is mass transfer [277], which can 

be reduced by operating in turbulent flow [278] via diffusion in the membrane at low flux. The 

disadvantages of batch systems may be overcome by membrane photocatalysis, which offers a 

high surface-to-volume ratio, thereby improving pollutant-catalyst contact [279, 280]. TiO2 has 

been integrated into polyether sulfone (PES) and poly(vinylidene fluoride) (PVDF) membranes 

to enhance the removal of micropollutants, such as steroid hormones [292] and pharmaceuticals 

[293, 294], with removal exceeding 90%. With such degradation efficiency, the TiO2-based 

photocatalytic membrane is expected to degrade GLY and AMPA in water effectively.  

The photocatalytic membrane must be stable under extended exposure to 1) ultraviolet 

light/sunlight, 2) reaction with ROS, and 3) applied pressure. PVDF membrane has shown the 

least total organic carbon (TOC) release under continuous UVA (350–400 nm, 2 mW/cm2) 

irradiation and negligible change in membrane resistance to UV light (estimated by flux) [281]. 

In a previous study on stability, the PVDF-TiO2 membrane maintained its structural integrity 

and photocatalytic activity after 250 hours of accelerated ageing under intense UV-violet illu-

mination (2223 W/m2 of combined 365 nm and 405 nm light). The photodegradation of mi-

cropollutants remained stable under prolonged UV exposure, and the TiO2 photocatalyst re-

mained embedded within the polymer matrix, preventing leaching and maintaining 

photocatalytic activity [282]. Therefore, PVDF-TiO2 membrane can be chosen for GLY/AMPA 

degradation evaluation. 

2.9 Comparison between water treatment 
technologies 

A comparison between different removal technologies for GLY and AMPA is important. How-

ever, a meaningful comparison is challenging due to the differences between each technique. As 

the target is to meet EU guidelines for herbicides, the concentration would be a criterion which 

will be compared with the guidelines (100 ng/L of each herbicide and 500 ng/L of total herbi-

cides) [13]. Performance parameters, including removal of GLY/AMPA and permeability 

(flux), are fundamental for the direct comparison [135, 192]. The removal quantifies the amount 

of GLY/AMPA removed after treatment, while pure water permeability is a membrane property 
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that indicates HRT. In this dissertation, the filtration experiment will proceed at synthetic water 

(10 mM NaCl and 1 mM NaHCO3), where no fouling is expected; hence, flux is expected to be 

stable before and after the experiment. The specific energy consumption (SEC) is the energy 

demand (kWh) per volume (m3) of permeate and is a figure of merit for comparing different 

technologies of similar scale [283, 284]. However, this parameter does not consider the removal 

as a performance evaluation [285]. Moreover, comparing systems at different scales is impossi-

ble, as smaller systems will consume more energy to treat the same amount of water as larger 

systems [286, 287].  

In this dissertation, theoretical energy consumption based on hydraulic energy (for the mem-

brane system) and light energy (for the photocatalytic system) will be used to compare different 

systems at a lab scale. In the hybrid membrane–adsorption system and the nanofiltration mem-

brane system, the energy was used for hydraulic energy (𝐸ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐, J) as follows. 

 𝐸ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 =  ∆𝑃 · V (2.4) 

where ∆𝑃 is the transmembrane pressure (Pa), and V is the permeate volume (L), assuming 

100% pump efficiency and that motor losses, friction in tubing, and energy to maintain tempera-

ture and stirring were not considered.  

In the photocatalytic membrane system, the required theoretical energy was from the pump, 

which is defined by hydraulic energy (𝐸ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐, J), and from the light source. The energy used 

for the light source (𝐸𝑙𝑖𝑔ℎ𝑡) in the photocatalytic system is calculated by the following equation. 

 𝐸𝑙𝑖𝑔ℎ𝑡 =  I · A · t (2.5) 

where I is the irradiance at the membrane (W/m2), A is the membrane surface area (m2), and t is 

the illumination time (s), with the assumption that no light was lost and all light would reach the 

membrane surface during the experiment.  

The total theoretical energy (𝐸𝑡𝑜𝑡𝑎𝑙, J) of the photocatalytic membrane is the sum of hydraulic 

energy and light source energy. 

 𝐸𝑡𝑜𝑡𝑎𝑙 =  𝐸ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 + 𝐸𝑙𝑖𝑔ℎ𝑡   (2.6) 

To normalize energy consumption, the total energy was divided by the volume of treated water, 

and the removal of GLY and AMPA [288]. It is noted that theoretical considerations are used as 

the foundation, but this cannot be directly translated to larger-scale conditions, where membrane 

fouling, cleaning, and maintenance need to be considered. The theoretical energy will be pre-

sented in comparison in Chapter 8. 

2.10 Summaries of the key interests 

In this chapter, the properties, fate, and occurrence of GLY and AMPA in the water environ-

ment have been reviewed, indicating the need for further study of GLY and AMPA. The analyt-

ical methods and removal technologies of GLY and AMPA have been evaluated. The analysis 
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has not been optimized for environmentally relevant concentrations of GLY and AMPA, nor for 

water samples from removal experiments. Therefore, in Chapter 3, the analytical method devel-

opment will be conducted to achieve a low LOD with a low sample volume and without sample 

pretreatment. 

The removal of GLY and AMPA was incomplete due to the complex properties of the herbi-

cides. To achieve the goal of reducing GLY and AMPA concentration to meet the EU guideline 

value for herbicides, investigations on four different technologies, including membrane filtra-

tion (nanofiltration membrane, NF), adsorption (polymer-based spherical activated carbon, 

PBSAC), adsorption–membrane hybrid system (ultrafiltration membrane with permeate-side 

polymer-based spherical activated carbon, UF–PBSAC), and photocatalytic membrane (TiO2-

coated poly(vinylidene fluoride) membrane, PVDF-TiO2), will be conducted (Figure 2.18).  

 

Figure 2.18: GLY/AMPA removal technologies of interest  

Different water treatment technologies have their own advantages and disadvantages, as well as 

different micropollutant removal efficiencies.  

• At the lab scale, adsorption could be limited by available adsorption sites (surface area, 

pore volume, loading) and by HRT.  

• UF–PBSAC adsorption could be limited by HRT, where GLY/AMPA has less time to in-

teract with PBSAC in a dynamic mode. 

• NF membrane filtration could be strongly dependent on the membrane choice (pore size, 

charge), the charge of GLY and AMPA, and flux (HRT). 

• PVDF-TiO2 membrane could be dependent on the flux (HRT), the irradiance, and the 

ROS reaction. 
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Therefore, for each technology, the removal capacity, limiting factors, and optimization based 

on the studied limiting factors will be investigated. The different water treatment technologies 

will be compared based on permeate concentration, removal, permeability (HRT), and theoreti-

cal energy consumption. 
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3 Analytical method development 

This chapter is adapted from a submitted manuscript to ChemSusChem (October 2025) entitled 

“Determination of glyphosate (GLY) and aminomethylphosphonic acid (AMPA) in water by 

direct injection liquid chromatography tandem mass spectrometry (LC-MS/MS)” by Phuong B. 

Trinh, Derek J. Mattern, and Andrea I. Schäfer [289]. 

The contribution of authors: 

Phuong B. Trinh: conceptualization; performing sample analysis; trouble shooting; data analy-

sis and interpretation; methodology; validation; visualization; writing – original draft 

Derek J. Mattern: trouble shooting; methodology; resources; writing – review & editing 

Andrea I. Schäfer: funding acquisition; project administration; resources; supervision; writing 

– review & editing 

The chapter systematically describes the analytical method development for GLY and AMPA in 

water, starting from the problem identification of the analysis. The method optimization is 

subsequently presented following sample preparation, sample injection, and liquid chromatog-

raphy. After finalizing the optimized analytical method, a comprehensive problem-solving 

strategy will be reviewed for GLY and AMPA analysis, and the method will be applied to water 

treatment technologies. 
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3.1 Chemicals and solution chemistry 

GLY (Sigma-Aldrich, 98%) and AMPA (Sigma-Aldrich, 99%) powders were dissolved in 

Milli-Q water (Reference A+, Merck Millipore, USA) to prepare a mixture stock at a concentra-

tion of 100 mg/L for each compound (Stock 1). Stock 2 with GLY/AMPA 1 mg/L was prepared 

by diluting Stock 1 in Milli-Q water. Feed solutions of GLY and AMPA (0.1−500 µg/L) were 

prepared by diluting Stock 2 in Milli-Q water and background electrolyte solutions (1 mM 

NaHCO3 and 10 mM NaCl). The feed with an elevated concentration of 1 mg/L was prepared 

by directly diluting Stock 1 in Milli-Q water and the stock background electrolyte solutions. All 

experiments proceeded in a GLY and AMPA mixture at 1000 ng/L for each compound, except 

for experiments with variable feed concentration. 

The background electrolyte was a mixture of 1 mM NaHCO3 and 10 mM NaCl, with a conduc-

tivity of 1400 µS/cm and a pH of 8.1 ± 0.1. For the experiment at varying pH, the pH was 

adjusted by 1 M HCl (diluted from 37% HCl, Roth, Germany) and 1 M NaOH (dissolved from 

pellets, Merck, 99%).  

Analytical standards (analytical-grade, 100 mg/L in Milli-Q water) of GLY and AMPA were 

from Dr. Ehrenstorfer (Germany). The internal standard was 13C GLY (analytical grade, 98%, 

Sigma-Aldrich (USA)), and the buffer was ammonium formate powder (analytical grade, 99%, 

VWR (Germany)). 

3.2 Analytical method 

GLY and AMPA analysis mostly focused on the higher concentrations at high LOD, higher than 

environmentally relevant concentrations (from ng/L to µg/L). In addition, sample preparation 

for analysis often requires a high extraction volume, which is not realistic for water samples 

from lab-scale water treatment experiments, where the sample volume ranges from 2–10 mL.  

Each water treatment technology poses different challenges in analysis. Adsorption (PBSAC, 

UF–PBSAC) often has samples at low concentration, which is expected to be lower than 50 

ng/L. Therefore, a low LOD is required. For NF membrane filtration, in addition to low-

concentration samples, sample salinity was the main challenge, with permeate samples at low 

salinity and retentate samples at high salinity. Moreover, salinity can vary with different NF 

membranes. For the PVDF-TiO2 membrane, degradation products can create new peaks and can 

co-elute with GLY and AMPA, leading to the over- or underestimation in analysis [100] and 

increasing ion suppression [101]. With the requirement for analysis at environmentally relevant 

low concentrations (in the range of ng/L to µg/L) and low sample volumes, studies on analytical 

method development are needed to support further investigation of treatment technologies. 

As GLY and AMPA are “tricky” to analyze, the analytical method was developed by P.T. and 

Dr. Mattern (Perkin Elmer) and then modified by P.T. to adapt to the water conditions in the 

filtration system at IAMT. The main goal is to analyze GLY and AMPA in water (with back-

ground water containing 1 mM NaHCO3 and 10 mM NaCl) using a low sample volume and a 
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low limit of detection (LOD) without a derivatization step. The target LOD was 10 ng/L, and 

the sample volume was < 2 mL.  

GLY and AMPA were analyzed by liquid chromatography with tandem mass spectrometry 

(LC-MS/MS). The system had an LX50 ultra-high performance liquid chromatographic system 

coupled to a QSight 420 triple-quadrupole mass spectrometer (PerkinElmer, USA) [197] 

(Figure 3.1). The used column was a hydrophilic interaction liquid chromatography (HILIC) 

column, Obelisc N 2.1·150 mm, 5 µm (SIELC Technologies, USA). The main drawback of this 

column was the rapid degradation, leading to a short column lifetime [290]. 

 

Figure 3.1: Photo of liquid chromatography with mass spectrometry (LC-MS/MS)  

3.3 The first approach: problem identification 

The first analytical protocol involves direct injection of samples into LC-MS/MS without addi-

tional steps. GLY and AMPA samples were prepared in the background electrolyte solution and 

did not need a pre-filter. The chosen mobile phase was Milli-Q water with 0.05% ammonium 

formate (CH2O2) and acetonitrile (ACN) with 0.05% CH2O2, in an isocratic mobile phase of 

85/15 v/v (H2O:ACN + 0.05% CH2O2) at a flow rate of 0.6 mL/min. Electrospray ionization 

(ESI) was applied in negative mode at a source temperature of 450 °C and a surface-induced 

desolvation temperature of 320 °C. The injection volume was 100 µL, and the elution time was 

6 minutes. 

To evaluate the performance of the analytical method, 100 samples containing 1000 ng/L of 

GLY and AMPA were prepared in background electrolyte solutions (BG, 10 mM NaCl and 1 

mM NaHCO3) and analyzed on different days (Figure 3.2).  

In the first method, the peak area of GLY and AMPA was not reproducible (Figure 3.2). The 

peak area of GLY and AMPA changed from 1000 to 75000 for GLY, and from 500 to 40000 for 

AMPA. In LC-MS/MS using an electrospray ionization source (ESI), after exiting the LC 

column, GLY/AMPA enter the ESI source at high voltage to form charged droplets [291]. The 

high electric field at the tip of the source sprays liquid into a fine mist of deprotonated droplets. 

The droplets shrink by solvent evaporation until the solvated ions can be expelled from the 
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droplet, which is then drawn into the MS [292]. With this principle, if the ionization is hindered, 

the analysis is not correct. Therefore, factors that can affect ionization can be the problem which 

include background solution and contamination. 

 

Figure 3.2. Peak area of GLY and AMPA 1000 ng/L in background electrolyte solution with 100 independent runs 

(commercial purchased analytical standard, flow rate 0.6 mL/min, ACN 15 %, injection volume 100 

µL, independent runs). Adapted from [289]. 

To understand why the signal for GLY and AMPA varied significantly, GLY/AMPA at 1000 

ng/L were measured in different solutions (Milli-Q and background electrolyte solution) (Figure 

3.3). 

 

Figure 3.3. Peak area of GLY and AMPA 1000 ng/L prepared in Milli-Q and background electrolyte (BG) solution; 

(commercial purchased analytical standard, flow rate 0.6 mL/min, ACN 15 %, injection volume 100 

µL, independent runs). Adapted from [289]. 

The peak area of GLY was 23000 ± 220, and the peak area of AMPA was 14000 ± 120 when 

the samples were diluted in Milli-Q water. However, the peak area declined significantly to 

10000 ± 100 for GLY and 5020 ± 45 for AMPA when prepared in background electrolyte 

solutions. This phenomenon demonstrates that background salt could reduce the LC-MS/MS 
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signal intensity. Indeed, salt has been identified to cause ion suppression on the analysis of polar 

compounds by LC-MS/MS [293, 294]. Therefore, the analytical method needed to be optimized 

to be suitable for water samples in background electrolyte solutions.  

Contamination can also interfere with the analysis by LC-MS/MS, especially the contamination 

from the phosphate compounds. Hellmanex is a common lab-cleaning detergent, an alkaline 

cleaning concentrate containing the main component tripotassium orthophosphate (K3PO4) 

[295]. In the lab, Hellmanex appears in glassware and in the system, which could affect the 

analysis of GLY and AMPA due to the phosphate group in Hellmanex molecules. Therefore, 

Hellmanex will be investigated for the contamination in the analysis (Figure 3.4). Glassware in 

the lab is usually cleaned with Hellmanex 2% [215], which is ~2000 mg/L K3PO4. Therefore, to 

evaluate the effect of Hellmanex on GLY/AMPA analysis, GLY and AMPA at 1000 ng/L in 

background electrolyte solution were prepared with Hellmanex concentrations of 0, 1, 2, 3, and 

15% corresponding to K3PO4 concentrations of 0, 1, 2, 3, and 15 g/L.  

 

Figure 3.4. Peak area of GLY and AMPA 1000 ng/L with contamination of Hellmanex at concentration 0–15% 

(commercial purchased analytical standard, flow rate 0.6 mL/min, ACN 15 %, injection volume 100 

µL, independent runs). Adapted from [289]. 

Obviously, Hellmanex interfered with the analysis by decreasing the peak area of GLY and 

AMPA. The peak area of GLY decreased from 10000 ± 100 to 890 ± 98, while the peak area of 

AMPA decreased from 5020 ± 45 to 339 ± 55 with the increase of Hellmanex concentration. 

The phosphate group in Hellmanex can exhibit similar chromatographic behavior to that of 

GLY/AMPA [296]. Subsequently, it can compete with the LC column interaction and cause ion 

suppression. Ion suppression can further reduce sensitivity, leading to depletion of the analyte 

signal [297]. As a result, Hellmanex (and other phosphate interferants) must be avoided in a 

laboratory where GLY and AMPA analysis is conducted. All glassware needs to be cleaned 

following the cleaning protocols using 2 M HCl and 2 M NaOH, then separated from other 

labware used for other purposes.  

The two main issues with the LC-MS/MS system are inconsistency and low peak area, leading 

to unreliable results and a low LOD. Both can be affected by sample preparation, injection, 

column performance, or mass spectrometry. In fact, the core reason behind all these issues is ion 
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suppression, which is a major analytical problem in LC-MS/MS [129]. It can change the effi-

ciency of droplet formation and droplet evaporation; hence, affecting the amount of charged 

ions in the ionization of MS [127]. It results from endogenous substances (NaCl and NaHCO3 in 

background electrolyte solutions) and exogenous substances (Hellmanex) [127, 128]. These 

include all the mentioned factors (sample preparation, injection, column performance, and mass 

spectrometry). Ion suppression can be strong for the analysis of polar hydrophilic organic com-

pounds in saline water [294, 298]. 

After identifying some major error sources, the next step is to optimize the analytical method 

for GLY and AMPA. 

3.4 Analytical method optimization 

To optimize the analytical method, the sample preparation procedure was determined by adding 

10 µL of 200 mM NH4COOH buffer and 10 µL of internal standard (13C GLY, 100 µg/L) to 

1000 µL of the sample. The final solution contained 2 mM NH4COOH buffer and 1000 ng/L 

internal standard 13C GLY. In addition, the mobile phase NH4COOH 20 mM with 0.05% CH2O2 

and ACN with 0.05% CH2O2 were prepared with the flow rate remaining at 0.6 mL/min. The 

role of a buffer is to stabilize the pH of the samples and the mobile phase, while an internal 

standard acts as a correction factor to normalize results, compensating for matrix effects, sample 

loss, injection volume, and ionization efficiency [299]. The same MS configuration was applied 

in negative mode ESI at a source temperature of 450 °C and a surface-induced desolvation 

temperature of 320 °C.  

Method optimization: sample preparation  

The comparison of calibration curves of GLY and AMPA (at concentrations of 0, 2, 5, 10, 20, 

50, 100, 500, and 1000 ng/L for each compound) is shown in Figure 3.5. 

 

Figure 3.5: GLY and AMPA calibration curve with and without NH4COOH buffer (commercial purchased analytical 

standard, flow rate 0.6 mL/min, ACN 15 %, injection volume 100 µL, n=3, 2 independent runs). Adapted 

from [289]. 
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The peak area of GLY at 1000 ng/L increased from 8478 ± 700 to 33500 ± 302 after adding 

buffer. The peak area of AMPA increased from 3254 ± 356 to 16000 ± 650 (Figure 3.5). The 

Obelisc N column used in this work is a hydrophilic interaction column with a suitable pH 

range of 2.5–4.5 [300]. NH4COOH is a common buffer for the analysis of polar compounds by 

HPLC [302, 303] to stabilize the pH at 3.5–4. The pH of the samples and the mobile phase was 

3.5–4 after adding NH4COOH buffer. The higher peak area is more suitable for analysis, with 

the target LOD of 10 ng/L. Therefore, the mobile phase is now NH4COOH 20 mM with 0.05% 

HCOOH and ACN with 0.05% HCOOH.  

Method optimization: mobile phase  

Numerous studies have shown that mobile phase composition and injection volume had a signif-

icant impact on LC-MS/MS analysis [301, 302]. To optimize the interaction of GLY/AMPA 

with the LC column, the ratio of NH4COOH:ACN was changed with ACN composition of 5, 

10, 15, 20, 30, 40, 50% (Figure 3.6).  

 

Figure 3.6: GLY and AMPA peak area by ACN composition (GLY/AMPA 1000 ng/L, injection volume 100 µL). 

Adapted from [289]. 

GLY peak area was stable at 29000–36000 ± 3100 with the increase of ACN composition from 

5 to 30%, then increased to 54150 ± 5236 at the ACN composition of 50%. AMPA peak area 

was stable at 14200–16820 ± 1654 with ACN composition at 5–30%, and increased to 29000 ± 

2563 with 50% ACN in the mobile phase. Even though the highest peak area was obtained at 

50% ACN, a lower ACN composition will be chosen to ensure higher ionization efficiency 

[306] and stable ionization sprays for polar GLY/AMPA molecules [303]. Therefore, the com-

position NH4COOH:ACN at 85:15% was chosen.  

Method optimization: injection volume  

Injection volume is important, as the target LOD is 10 ng/L and the sample volume is 2–10 mL 

with direct injection. The injection volume was determined at 10, 20, 50, 80, 100, and 150 µL, 

with the mobile phase composition NH4COOH:ACN at 85:15% and the presence of NH4COOH 

buffer (Figure 3.7).  
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The analyte retention did not change with changes in injection volume. For GLY, the peak area 

increased from 1135 ± 95 to 35472 ± 2965 with increasing injection volume from 10 to 80 µL, 

then remained the same at higher injection volumes. AMPA peak area increased from 184 ± 19 

to 13648 ± 1208 when the injection volume increased from 10 to 100 µL, and remained stable at 

injection volumes 100–150 µL. The high injection volumes can cause extra-column band broad-

ening, subsequently affecting the peak resolution [304]. Therefore, the injection volume of 100 

µL was chosen to achieve high sensitivity without affecting the peak resolution.  

 

Figure 3.7: GLY and AMPA peak area by ACN composition (GLY/AMPA 1000 ng/L, injection volume 100 µL). 

Adapted from [289]. 

3.5 GLY/AMPA analysis under water matrix effect 

Interference of salinity on GLY/AMPA analysis 

Salinity can decrease the analysis response of electrospray ionization mass spectrometry [305, 

306]. With the target of analyzing filtration samples which may contain high salt concentration, 

GLY and AMPA (1000 ng/L) were analyzed under different water conditions: different NaCl 

concentrations (1, 2, 5, 8, 10, 20 mM), different NaHCO3 concentrations (0.1, 0.2, 0.5, 0.8, 1, 2 

mM) (Figure 3.8). 



 

43 

 

Figure 3.8: GLY and AMPA (1000 ng/L) peak area at different NaCl and NaHCO3 concentrations (commercial 

purchased analytical standard, flow rate 0.6 mL/min, ACN 15 %, injection volume 100 µL, n=3, 6 inde-

pendent runs). Adapted from [289]. 

The peak area of GLY and AMPA decreased with the increase of NaCl concentration (Figure 

3.8 A). The peak area of GLY decreased from 64272 ± 2500 to 4936 ± 125 when the NaCl 

concentration increased from 1 to 20 mM. With the same NaCl concentration range, AMPA 

peak area declined from 18255 ± 990 to 7477 ± 156. However, the concentration of NaHCO3 

did not cause a significant change in the signal of GLY and AMPA. With the increase of Na-

HCO3 concentration from 0.1 to 2 mM, the peak area of GLY and AMPA remained at 30000–

35000 and 13000–15000, respectively (Figure 3.8 B). The low effect of NaHCO3 was due to the 

lower concentration of NaHCO3 compared to NaCl. In the standard background solution, the 

concentration of NaHCO3 (1 mM) was 10 times lower than the concentration of NaCl (10 mM). 

Salts play a crucial role in LC separation and ionization in MS [307]. Moreover, salts can crys-

tallize during electrospray ionization, making it hard to analyze and maintain the analytical 

instrument [308]. In this chapter, the NaCl concentration was 10 mM, whereas the GLY and 

AMPA concentrations in the feed solution were 1000 ng/L (equivalent to 6 · 10–6 mM), which is 

a much lower concentration. Therefore, salts had a critical role in the analysis of GLY and 

AMPA by LC-MS/MS. Sample dilutions are required for high-salinity samples; the samples are 

diluted to a conductivity of 1400 µS/cm (similar to the background electrolyte solution). 

Interference of pH on GLY/AMPA analysis 

GLY has four ionization constants (pKa) of 0.8, 2.6, 5.8, 10.8, and AMPA has three pKa of 1.8, 

5.4, 10.0 [44, 125]. With multiple pKa values, the charges of GLY and AMPA are significantly 

influenced by pH [119, 126]. Hence, the analysis of GLY and AMPA would be strongly affect-

ed by pH. To evaluate the analysis of samples at different pH, GLY and AMPA were analyzed 

at pH 2, 4, 6, 10, 11, and 12. Figure 3.9 compares the analysis of GLY/AMPA at 1000 ng/L at 

different pH before and after neutralization and buffer addition. 
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Figure 3.9: GLY and AMPA (1000 ng/L) peak area at different pH (commercial purchased analytical standard, flow 

rate 0.6 mL/min, ACN 15 %, injection volume 100 µL, n=3, 6 independent runs). Adapted from [289]. 

The impact of pH on analysis was reduced by neutralization and by the addition of NH4COOH 

buffer (Figure 3.9). Before adding buffer, the peak area was not consistent. The peak area at pH 

4–8 of GLY was 3400–7500 ± 2000, while the peak area of AMPA was 1115–2040 ± 560. This 

pH is more suitable for the HILIC Obelisc N column [300]. The peak area of the sample at 

extreme pH was < 1000 for both GLY and AMPA. After neutralization and adding buffer, the 

peak area of GLY and AMPA at 1000 ng/L was more stable at 30000–35000 ± 1520 and 

13000–15000 ± 1015, respectively. For samples at extreme pH (2, 10–12), the pH can also be 

stabilized by adding buffer, but the required buffer volume can reach 600 µL for a 1000 µL 

sample, which will contribute to high dilution. Therefore, neutralization for extreme pH samples 

is recommended.  

In conclusion, all samples need to be neutralized to pH 8, then added to a 200 mM NH4COOH 

buffer to stabilize at pH 3.5 before analysis by LC-MS/MS. 

Repeatability of analysis 

To validate the repeatability of LC-MS/MS performance, 50 independent samples of GLY and 

AMPA at 1000 ng/L were measured (Figure 3.10).  
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Figure 3.10: GLY and AMPA at 1000 ng/L after optimization from the commercial purchased analytical standard 

(Flow rate 0.6 mL/min, ACN 15 %, injection volume 100 µL, 50 independent runs). Adapted from 

[289]. 

After method optimization, GLY and AMPA peak area increased and remained stable at 30000–

35000 ± 1520 and 13000–15000 ± 1015, respectively. Therefore, the analytical method for GLY 

and AMPA has been successfully established and optimized with reproducible results. 

In conclusion, the method is now optimized and can be summarized as follows. 

Final analytical method for GLY and AMPA by LC-MS/MS 

1000 µL of sample is added with 10 µL of internal standard (13C GLY 100 µg/l) and 10 µL of 

ammonium formate (NH4COOH 200 mM) buffer so that the concentration of internal standard 

and buffer in each sample remains at 1000 ng/L and 2 mM, respectively, to stabilize sample pH 

at 3.5. Samples with pH < 4 or> 10 are neutralized to pH 8 with 1 M HCl and 1 M NaOH.  

The hydrophilic interaction liquid chromatography column (HILIC) Obelisc N 2.1·150 mm, 5 

µm (SIELC Technologies, USA) is used. Mobile phase is isocratic 85/15 v/v (NH4COOH 20 

mM: acetonitrile + 0.05% CH2O2) at the flow rate of 0.6 mL/min.  

The system is cleaned and conditioned daily before measurement. Before measurement, the 

background is measured, and the system is conditioned with an isocratic mobile phase of 85/15 

v/v (NH4COOH 20 mM: acetonitrile + 0.05% CH2O2) for 1 hour. The background baseline is 

measured every day before each measurement. The highest noise recorded from the MS is the 

noise test data. If the noise is higher than 100, the analysis needs to be stopped, and the prob-

lems need to be identified. An example of high background noise is shown in Figure 3.11.  
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Figure 3.11: Background noise test example 

It is noted that each problem can have different results in the noise test. The experience in 

problem identification and solution was built over years of working and problem-solving with 

LC-MS/MS by the authors. 

After measurement, a cleaning solution consisting of 85% Milli-Q and 15% acetonitrile is used 

to clean the system with column by-pass.  

The injection volume was 100 µL with the column temperature of 40 °C. Electrospray ioniza-

tion: in negative mode at the source temperature of 450 °C and the surface-induced desolvation 

temperature at 320 °C. The elution time was 6 minutes. 

Electrospray ionization (ESI) is employed in negative mode with a source temperature of 450 

°C and an HSID temperature of 320 °C. Further details regarding optimized parameters are 

shown in Table 3.1. 

Table 3.1: Mass spectrometer parameters for GLY and AMPA 

Compound Precursor ion (m/z) Quantification ion, m/z  Quantification ion, m/z  

GLY 168 63  81  / 79  

GLY 13C ITSD 169 63  63 

AMPA 110 63  79  

 

Limit of detection 

The GLY and AMPA concentrations were calculated based on the calibration solutions of GLY 

and AMPA at concentrations of 0, 2, 5, 10, 20, 50, 100, 500, and 1000 ng/L for each compound 

(Figure 3.12). Data analysis was carried out using the Simplicity 3QTM software platform. 

To construct the calibration curve, the integrated peak areas of standard solutions (0, 2, 5, 10, 

20, 50, 100, 500, and 1000 ng/L) were plotted against concentration. Based on calibration 

curves, the peak area can be converted to the concentration. 
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Figure 3.12: Calibration of GLY and AMPA by LC-MS/MS (Milli-Q water, buffer NH4COOH 2 mM, internal 

standard 13C GLY 1000 ng/L, pH 8.1 ± 0.1). Adapted from [289]. 

The linearity of both GLY and AMPA is acceptable with R2 > 0.995 in the concentration range 

10–1000 ng/L. 

The LOD was determined following a method suggested by the US Environmental Protection 

Agency [309] as shown below: 

𝐿𝑂𝐷 =
𝑠𝑏𝑙𝑎𝑛𝑘 + 3 𝜎𝑏𝑙𝑎𝑛𝑘 

𝑏
 (3.1) 𝐿𝑂𝑄 =

𝑠𝑏𝑙𝑎𝑛𝑘 + 10 𝜎𝑏𝑙𝑎𝑛𝑘 

𝑏
 (3.2) 

where 𝑠𝑏𝑙𝑎𝑛𝑘 is the measured signal of the blank, 𝜎 is the standard deviation of the blank, and 𝑏 

is the slope of the calibration. In the calibration curve, the point at a concentration lower than 

LOD would be excluded from the sample data analysis. 

The LOD of GLY and AMPA was measured and summarized in Table 3.2.  

Table 3.2: Parameters obtained from calibration curves of GLY and AMPA 

 Blank sample 

signal (𝑠𝑏𝑙𝑎𝑛𝑘) 

Standard deviation of 

the blank (𝜎𝑏𝑙𝑎𝑛𝑘) 

Slope of calibra-

tion (𝑏) 

𝐿𝑂𝐷 

(ng/L) 

𝐿𝑂𝑄 

(ng/L) 

GLY 292 12 33 10 12 

AMPA 116 13 15 10 15 

The limit of detection of the method was determined at 10 ng/L for both GLY and AMPA. For 

sample analysis, the calibration curve will be in the concentration range of 10–1000 ng/L. 

Samples with higher concentrations will be diluted to fit within this range: 10 – 1000 ng/L. 

To validate the results obtained with the LC-MS/MS method, all 6 steps described in Table 3.3 

are required. The purpose of all checks is to evaluate reproducibility, stability, and the accepta-

ble range for data analysis with LC-MS/MS.  
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Table 3.3. Validation steps for LC-MS/MS analysis 

Validation steps Description and purpose 

Before measurement  

Baseline in LC-MS/MS The background baseline is measured every day before each meas-

urement. The highest noise recorded from the MS is the noise test 

data. If the noise is higher than 100, the analysis needs to be stopped, 

and the problems need to be identified. 

Calibration  The calibration is performed with a concentration of 0–1000 ng/L.  

After measurement  

Reproducibility and 

stability 

The reproducibility of calibration (peak area, residence time, peak 

shape) is checked. The residence time for GLY and AMPA in LC-

MS/MS is 1 minute and 0.9 minutes, respectively. 

Peak area All peak area, peak shape, retention time, and MS parameters of all 

data from photocatalytic membrane filtration are checked after the 

measurement. 

Variation between 3 

repeats 

As each sample was measured in triplicate, the peak area from the 3 

repeats for each measurement is compared. Before measuring the 

samples, the calibration is analyzed. The measurement was done in 

the following sequence: 0 ng/L – permeate samples – feed samples – 

1000 ng/L. Each sequence is done 3 times. 

Feed values and se-

quences P1 – P15 

All the feed values are collected. The data need to show the correct 

trends for membrane filtration processes (feed, permeate, and reten-

tate). 

3.6 Quantitation of GLY and AMPA in real water 
samples 

To evaluate the performance of LC-MS/MS for water samples, different real water samples 

were measured by LC-MS/MS in KIT (without derivatization) and compared to the results from 

LC-MS/MS in Technologiezentrum Wasser (TZW) (with derivatization, DIN ISO 16308 [310]) 

(Figure 3.13). Real water samples were sourced from research projects involving surface waters 

from Gambia and Namibia, and from water treatment effluent in France, which had been ana-

lysed by LC-MS/MS at TZW. The results of the research, with detailed information about the 

nature of the samples, were reported in other publications for Gambia [311] and Namibia [288]. 

In addition, a surface water sample from Canada, which did not contain GLY/AMPA, was 

spiked with 1000 ng/L GLY and AMPA and measured by LC-MS/MS in KIT for recovery 

validation. Before measurement, all real water samples were filtered by a 0.45 µm polyethersul-

fone syringe filter. 
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Figure 3.13: GLY and AMPA concentration in real water (sample measurement carried out at both KIT and TZW). 

Adapted from [289]. 

The results indicate that the values for GLY and AMPA obtained using the established method 

in KIT and the standard method analyzed at TZW were comparable.  

Recovery of the analysis measures the efficiency of the analytical method in detecting GLY and 

AMPA. The recovery of Gambia, Namibia, and France samples, which were measured and 

compared with the analysis at TZW, was calculated using equation (3.3). 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑐𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  

𝑐𝑘𝑛𝑜𝑤𝑛
× 100 (3.3) 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =

𝑐𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑐𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑  

𝑐𝑠𝑝𝑖𝑘𝑒𝑑
 (3.4) 

where 𝑐𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the GLY/AMPA concentration measured from LC-MS/MS at KIT, 𝑐𝑘𝑛𝑜𝑤𝑛 

is the GLY/AMPA concentration measured from LC-MS/MS at TZW. 

The spiked samples recovery (Canada sample) was calculated following equation (3.4), where 

𝑐𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the GLY/AMPA concentration measured from LC-MS/MS at KIT, 𝑐𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 is the 

GLY/AMPA concentration in the sample before spiking, 𝑐𝑠𝑝𝑖𝑘𝑒𝑑 is the concentration of 

GLY/AMPA spiked into the samples. In this chapter, the unspiked water sample from Canada 

did not contain GLY and AMPA; hence, 𝑐𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 is 0 ng/L. 

From the obtained results, the difference between the two methods was around 3–7%, and the 

recovery was in the 93–97% range. For spiked samples, the concentrations of GLY and AMPA 

were 1000 ng/L, as expected. The measurements from GLY/AMPA removal experiments were 

repeatable and are shown in each chapter.  

Now that validation has confirmed the accuracy of the analytical method, the next step is to 

investigate removal technologies for GLY and AMPA from water. 
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3.7 Error analysis 

The error propagation, estimated by considering uncertainties from solution preparation, the 

analytical instrument, and the photocatalytic filtration system [316], is summarized, with the 

most significant contribution from analytical error.  

Error source identification 

Error sources for filtration experiments are listed in Table 3.4. 

Table 3.4: Error type and sources considered in the error analysis 

Step Sources considered 

Sample preparation 

Sensor/instrument (balance, volumetric flask), materials (mem-

branes) 

Error from the operator (calculations, pipetting, weighing) 

Experimental operation 

Sensor/instrument (temperature variation, pressure variation, bal-

ance) 

Uncontrolled parameters (room temperature and humidity) 

Analytical error 

Error from LC-MS/MS analysis 

Feed preparation by the operator 

Interference from the water matrix 

Feed preparation: from analytical balance (± 0.1 mg, Adventurer ProAV 2102, Ohaus, Germa-

ny), volumetric flask (VWR borosilicate glass, 1000 ± 0.3 mL), measuring cylinder (VWR 

borosilicate glass, 250 ± 1 mL).  

Error from feed preparation: human error (eye inspection of meniscus, pipetting, and dilution is 

< 0.1%). Errors from the operator were minimized in the experiments.  

Filtration operation: pressure was adjusted by hand; flux variation was influenced by membrane 

permeability. The flux variation between membrane coupons was 10%. Temperature was ad-

justed and measured with a thermocouple (±0.5 °C, TJ2-CPSS-M60U-250-SB, Omega Engi-

neering, Germany).  

Error from filtration experiment: Temperature was controlled to ±0.3 °C, and pressure was 

adjusted to within 3%.   

Analytical operation: errors were calculated corresponding to > 50 measurements. The main 

error source was the feed solution; the equal error source was membrane variability (resulting in 

flux and permeate concentration variations).  

Other factors: sample degradation (samples were capped and put in the fridge at 4 °C), ion 

suppression (conductivity and pH were controlled), and water contamination (separated labware 

to minimize contamination).   

The analysis error was calculated as the standard deviation from calibration based on >50 meas-

urements. The error is summarized in Table 3.5. 
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Table 3.5:  Error from analysis corresponding to GLY/AMPA concentration. 

Concentration (𝑐, ng/L) Error from analysis (∆𝑐𝑎𝑛𝑎𝑙., ng/L) 

1000 60 

500 45 

200 30 

100 20 

10 12 

Therefore, the most contributed error is from analytical error. 

Error calculation and propagation 

Filtration was performed in a dead-end filtration system where permeate mass, temperature, and 

pressure were monitored during filtration. Pressure was adjusted by hand while temperature was 

controlled and measured by thermocouple (± 0.5 °C, TJ2-CPSS-M60U-250-SB, Omega Engi-

neering, Germany) (assume that although the water viscosity, diffusivity of GLY/AMPA, and 

adsorption kinetics and thermodynamics change, the small temperature variation (0.5 °C) did 

not significantly affect adsorption). The variation of these parameters during filtration experi-

ments was recorded and summarized in Table 3.6.  

Table 3.6: Error sources, parameters, and quantified errors on permeability variation 

Error source Variable parameter Quantified error with the max-min 

method 

Temperature lab variation (∆𝑇) Temperature during 

filtration 

20 ± 0.5 °C (5 % viscosity variation) 

Pressure setting by the operator 

(∆𝑃) 

Pressure during 

filtration  

Average variation of 

 ± 0.1 bar (3% error) 

 

The absolute error in flux 𝛥𝐽 was calculated based on the relative error in mass change with 

time. 

 𝛥𝐽 =  √∆𝑃2 + ∆𝑇2 (3.5) 

where ∆𝑃 was the error in pressure calculated by max–min variation during filtration, ∆𝑇 was 

the error in temperature control calculated by max–min variation during filtration. 

Error propagation of GLY/AMPA concentration 

Error for GLY/AMPA concentration was calculated using the error propagation method, where 

the analytical error from LC-MS/MS analysis, the error from feed preparation by the operator, 

and the error from the water flux variation for the different experiments were considered. Error 

from LC-MS/MS analysis was obtained from the variability of 50 calibration curves, which was 

the main error source. Error for feed preparation included the use of the analytical balance (± 

0.1 mg, Adventurer ProAV 2102, Ohaus, Germany), the volumetric flask (VWR borosilicate 

glass, 1000 ± 0.3 mL), the measuring cylinder (VWR borosilicate glass, 250 ± 1 mL), and 

human error (eye inspection of meniscus).  
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Other factors: sample degradation (when the samples were mixed with buffer and internal 

standard, then kept for > 1 month, avoid by preparing samples fresh before measurement), ion 

suppression (hence, conductivity was controlled), and water contamination (samples were 

capped and put in fridge at 4 °C to avoid contamination).   

The error in feed concentration included both analytical and sample preparation errors. The 

absolute error in feed concentration was propagated from analytical error and feed volume error, 

which was calculated as follows:  

 
∆𝑐𝑓 = √∆𝑐𝑎

2 + ∆𝑐𝑝𝑟
2 ≈ ∆𝑐𝑎 

(3.6) 

where ∆𝑐𝑎 is the error contributed by the analysis, which was the main and biggest error source; 

∆𝑐𝑝𝑟 =  𝑐𝑓 (
𝛥𝑉𝑓 

𝑉𝑓
) is the error from the feed solution preparation, which was negligible. There-

fore, with 𝑐𝑓 = 1000 ng/L, ∆𝑐𝑓 ≈ ∆𝑐𝑎 = 60 ng /L.  

The absolute error in permeate sample concentration was propagated from analytical error, 

solution preparation error, and filtration error (error in flux,  𝐽), which was calculated as fol-

lows:  

 
∆𝑐𝑝 = √∆𝑐𝑎𝑛𝑎𝑙.

2 + ∆𝑐𝑝𝑟𝑒𝑝.
2 + ∆𝑐𝑓𝑖𝑙.

2 

= √∆𝑐𝑎𝑛𝑎𝑙.
2 + 𝑐𝑝

2 (
𝛥𝑉𝑝 

𝑉𝑝
)

2

+ 𝑐𝑝
2 (

𝛥𝐽 

𝐽
)

2

 

(3.7) 

where  ∆𝑐𝑝𝑟 =  𝑐𝑃 (
𝛥𝑉𝑃 

𝑉𝑃
) is the error from the permeate solution preparation; ∆𝑐𝑓𝑖𝑙. = 𝑐𝑝 (

𝛥𝐽 

𝐽
) is 

the error contributed from the filtration process. The error from preparation was neglected. 

Error from analysis (∆𝑐𝑎) contributed the most, indicating that low permeate concentration 𝑐𝑃 

would have high error, with the highest error at the permeate concentration close to the LOD of 

the analysis. The error for GLY/AMPA concentration was summarized in Table 3.7. 

Table 3.7: Error sources, parameters, and quantified errors on concentration variation 

Error source Variable parameter Quantified error with the propa-

gation method 

Analytical error from LC-

MS/MS (∆𝑐𝑎) 

Peak area 1000 ± 60 ng/L, 500 ± 38 ng/L, 

100 ± 19 ng/L, 10 ± 3 ng/L 

Water flux variation (𝛥𝐽) Flux 100 ± 5 L/m2.h 

Reported error for 

GLY/AMPA concentration 

(∆𝑐𝑓, ∆𝑐𝑝) 

 

Feed concentration 

Permeate concentration 

1000 ± 60 ng/L  

500 ± 45 ng/L, 100 ± 20 ng/L, 10 

± 3 ng/L 

 

Error propagation for GLY/AMPA removal 

Removal was calculated using equation (3.8), indicating that the removal error was attributed to 

errors in feed and permeate concentrations. 
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𝑅 = (1 −

𝑐𝑝

𝑐𝑓
) ∙ 100 

(3.8) 

The absolute error in removal ∆𝑅 (in %) was determined from equation (3.9) with the propaga-

tion of error from feed and permeate samples.   

 

∆𝑅 = (100 − 𝑅)√(
∆𝑐𝑓

𝑐𝑓
)

2

+ (
∆𝑐𝑝

𝑐𝑝
)

2

 

(3.9) 

where ∆𝑐𝑓 and ∆𝑐𝑝 are the absolute errors of the feed and permeate sample concentrations, 

respectively. Because ∆𝑅 is a fraction of 100 − 𝑅, the removal error is higher when removal is 

lower and vice versa (Table 3.8). 

Table 3.8: Error sources, parameters, and quantified errors on removal variation 

Error source Variable parameter Quantified error with the propa-

gation method 

Feed concentration (∆𝑐𝑓) Concentration 1000 ± 60 ng/L,  

Permeate concentration (∆𝑐𝑝) Concentration 500 ± 38 ng/L, 100 ± 19 ng/L, 10 

± 3 ng/L 

Reported error for 

GLY/AMPA removal (∆𝑅) 

Removal 50 ± 4.8%, 90 ± 1.9%, 99 ± 0.3% 

 

Error propagation for GLY/AMPA specific adsorbed mass 

Absolute mass adsorbed error of each feed and permeate sample (∆𝑞𝑎𝑑𝑠) in ng/g were calculated 

from the respective volume and concentration errors as calculated in equation (3.10). 

 

∆𝑞𝑎𝑑𝑠,𝑖 = 𝑞𝑖√(
∆𝑉𝑖

𝑉𝑖
)

2

+ (
∆𝑐𝑖

𝑐𝑖
)

2

 

(3.10) 

The absolute mass adsorbed error ∆𝑞𝑎𝑑𝑠 (in ng) in the adsorption was determined by propaga-

tion of the absolute mass error of the feed and adsorption samples. 

 

∆𝑞𝑎𝑑𝑠 = √∆𝑞𝑎𝑑𝑠,𝑓
2 + ∑ ∆𝑞𝑎𝑑𝑠,𝑖

2

𝑛

𝑖=1

 

(3.11) 

The absolute error of GLY/AMPA mass adsorbed was summarized in Table 3.9. 

Table 3.9: Absolute error on the mass adsorbed calculated for different experimental parameters 

Parameter varied GLY mass adsorbed and abso-

lute error (ng/g) 

AMPA mass adsorbed and 

absolute error (ng/g) 

PBSAC  41–158 ± 16 24–118 ± 21  

UF–PBSAC 100–129 ± 15 42–88 ± 20 
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4 GLY and AMPA adsorption by 
PBSAC 

This chapter is adapted from a publication in Journal of Hazardous Materials (2023):  P.B. 

Trinh, A.I. Schäfer, Adsorption of glyphosate and metabolite aminomethylphosphonic acid 

(AMPA) from water by polymer-based spherical activated carbon (PBSAC), Journal of Haz-

ardous Materials, (2023) 131211 [197]. 

The contribution of authors: 

Phuong B. Trinh: performing experiments; samples analysis; data analysis and interpretation; 

validation; methodology; visualization; writing – original draft 

Andrea I. Schäfer: conceptualization; methodology; funding acquisition; project administra-

tion; resources; supervision; validation; writing – review & editing 

Other contribution: Dr. Eduard Madirov, Dr. Andrey Turshatov (Institute of Micro-structure 

Technology (IMT-KIT)): adsorbent characterization. 

The thermodynamic parameters have been corrected in: P.B. Trinh, A.I. Schäfer, Corrigendum 

to “Adsorption of glyphosate and metabolite aminomethylphosphonic acid (AMPA) from water 

by polymer-based spherical activated carbon (PBSAC)”, Journal of Hazardous Materials, 470 

(2024) 134136 [312] due to the wrong calculation of thermodynamic parameters. 

This chapter aims to investigate the adsorption performance of polymer-based spherical acti-

vated carbon (PBSAC) for GLY and AMPA removal. The adsorption performance is determined 

by the surface properties (such as surface area, adsorption site, and chemistry). Varied experi-

mental parameters include PBSAC characteristics (dose, size, activation level, oxygen content), 

GLY/AMPA concentrations, pH, and water temperature. Finally, the adsorption mechanisms 

and limiting factors are evaluated for a better understanding of the integration with the mem-

brane in the next step. 
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4.1 Introduction 

Adsorption is a common water treatment technology [40]. This technique has been reported as a 

simple and chemical-free method for GLY and AMPA removal [313], with the compensation 

being the need for adsorbent regeneration and treatment of the residual waste stream [314]. 

However, research on adsorption mainly focused on high concentrations of GLY and AMPA 

(due to the lack of analytical techniques) [315, 316]. Those concentrations are not realistic in 

real water conditions. Moreover, effective removal of GLY and AMPA to reach EU guidelines 

remains a challenge. Therefore, a more advanced adsorbent needs to be investigated. 

Tagliavini et al. investigated polymer-based spherical activated carbon (PBSAC), which 

showed good adsorption for steroid hormones (estrone, 17β-estradiol (E2), testosterone, and 

progesterone), with removals of >90% from an initial concentration of 100 ng/L [206]. The 

adsorption of steroid hormone was significantly faster with the smallest PBSAC size (diameter 

of 78 µm) than GAC (diameter of 0.4–1.1 mm) [206, 211, 212]. The EU guidelines for steroid 

hormones were achieved by adsorption onto PBSAC [207]. Due to its strong adsorption of 

micropollutants, PBSAC will be selected for the evaluation of GLY and AMPA removal. Com-

pared to steroid hormones, GLY and AMPA are smaller, highly charged, and polar [44, 45]. 

The adsorption of GLY/AMPA can be lower and slower than that of steroid hormones.  

This chapter focuses on the adsorption of GLY and AMPA by PBSAC. The particle characteris-

tics and water conditions will be evaluated. The following specific research questions are ad-

dressed: 

• Can PBSAC adsorb the charged, small herbicides GLY and AMPA to meet EU herbicide 

guidelines? 

• How are the adsorption kinetics and maximum mass adsorbed of GLY and AMPA on 

PBSAC? 

• Which PBSAC properties (size, porosity, and surface composition) contribute most, and 

how do water conditions (water temperature and pH) influence adsorption? 

4.2 Adsorbents 

PBSAC is a commercial AC from Blücher, Germany, with uniform size, high surface area 

(1600 – 2100 m2/g), and high pore volume of PBSAC (0.6–1.3 cm3/g), with a maximum up to 

3.5 cm3/g [210]. Adsorbent properties (particle diameter, surface oxygen, activation level (indi-

cator of porosity), tap density, and surface area) are summarized in Table 4.1. 
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Table 4.1. PBSAC properties (particle diameter, surface oxygen, activation level, tap density, and surface area) 

provided by the manufacturer (Blücher) [206, 207, 210, 211]. 

Sample code Diameter 

(µm) 

Surface oxygen 

(%) 

Activation 

level 

Tap density 

(g/mL) 

Surface area 

(m2/g) 

PB 78 78 5 ~ 4 0.62 1420 

PB 200 (O2) 200 5 ~ 4 0.60 1440 

PB 380 380 5 ~ 4 0.54 1450 

PB 450 450 5 ~ 4 0.40 1920  

PB 475 475 5 ~ 4 0.57 1450 

PB 580 580 5 ~ 4 0.54 1510 

PB 620 620 5 ~ 4 0.60 1380 

PB AL1 200 5 1 0.79 810 

PB AL2 200 5 2 0.74 1020 

PB AL3 200 5 3 0.69 1167 

PB AL4 200 5 4 0.63 1365 

PB AL5 200 5 5 0.49 1766 

PB AL6 200 5 6 0.36 2045 

PB 200 O1 200 1.5 ~ 4 0.60 1436 

PB 200 O3 200 10 ~ 4 0.59 1436 

 

In a previous study, PBSAC has a zero surface charge over a broad pH range [206]. However, 

the oxygen content of 1.5–10% on the PBSAC surface was reported by the manufacturer. As the 

adsorption mechanisms of PBSAC depend on the surface chemistry (elemental composition and 

functional groups), the oxygen-containing groups need to be characterized. The surface func-

tional groups of PBSAC were analyzed using Fourier Transform Infrared Spectroscopy (FTIR, 

Vertex 70, Bruker, USA) equipped with a platinum attenuated total reflectance (ATR) accessory 

at room temperature by Dr. Eduard Madirov (Institute of Microstructure Technology (IMT)). 

The ATR-FTIR spectrum was recorded in the wavelength region of 400‒4400 cm−1 (Figure 4.1).  

 

Figure 4.1: FTIR spectra of PBSAC 200 µm at room temperature. Adapted from [197]. 
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A strong peak at 2360−2340 cm−1 was recorded, which could imply the presence of C=O 

stretching in carboxylate groups [317], but this peak could also correspond to O=C=O stretching 

in carbon dioxide that can be adsorbed on various types of surfaces [318]. Some noise was 

observed in the 3600‒3800 and 1200‒2000 cm−1 regions. Some peaks of carboxylate groups 

would be present in the 1200‒2000 cm−1 region, including C=O stretching (at 1700 cm−1), and 

O–H stretching at 1440 cm−1 [319]. As the reported surface oxygen was ~ 5%, the small peaks 

of carboxylate groups were not significant [207].  

4.3 Static adsorption 

The static adsorption experiments were performed in an incubator shaker (Figure 4.2, Innova 

43R, New Brunswick Scientific, USA) following the experimental protocol established in 

previous work [206]. The shaking speed was 260 rpm while the temperature could be controlled 

in the range of 5–80 °C. All experiments were conducted at 20.0 ± 0.5 °C, except the experi-

ment with varying temperature.  

 

Figure 4.2: The incubator shaker used for static adsorption of GLY/AMPA onto PBSAC. 

In the experiment, the GLY/AMPA mixture was prepared in a conical flask. PBSAC was 

weighed using an analytical balance (Ohaus Explorer Semi Microbalance, USA), then trans-

ferred to the GLY/AMPA mixture. The experiment lasted for 26 h. 2.5 mL of water samples 

(PBSAC-free) were collected at defined time intervals (5, 15, 30, 45 min, and 1, 3, 5, 7, 9, 24, 

and 26h) using a 5 mL pipette (Eppendorf, Germany). PBSAC settled rapidly; therefore, no 

filter was needed. The samples were stored in 20 mL glass vials and kept at 4 °C in the fridge. 

4.4 Data analysis 

Mass balance in static adsorption 

Removal of GLY and AMPA (𝑅, %) is determined in equation (4.1). 
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𝑅 =  (1 −

𝑐𝑖

𝑐𝑓
) · 100 

(4.1) 

where 𝑐𝑖  and 𝑐𝑓  are the concentrations in the adsorption water sample and feed (initial), respec-

tively. 

The mass balance is important for determining the amounts of GLY and AMPA adsorbed, 

deposited, or degraded. Specific formulas for determining the mass balance for each type of 

static adsorption experiment are given below.  

The adsorbed mass ∆𝑚𝑎𝑑𝑠 at time 𝑡 can be determined from the liquid-phase concentrations 

with the equation (4.2). 

 
𝑚𝑎𝑑𝑠,𝑛 = 𝑉0𝑐0 − 𝑉𝑖 ∑ 𝑐𝑖

𝑛−1

𝑖=1
− (𝑉0 − (𝑛 − 1)𝑉𝑖)𝑐𝑛 

(4.2) 

where 𝑚𝑎𝑑𝑠,𝑛  is the adsorbed mass after 𝑛 extractions,  𝑐0 and 𝑐𝑖  are the concentrations in the 

solution at time 0 and 𝑡𝑖, respectively. 𝑉0 = 250 mL is the initial total volume and 𝑉𝑖  = 2.5 mL is 

the extracted volume. All the mass losses before the 𝑛 extraction are summed 𝑉𝑖 ∑ 𝑐𝑖
𝑛−1
𝑖=1 , and 

the volume of solution before the 𝑛 extraction is 𝑉0 − (𝑛 − 1)𝑉𝑖.  

The specific adsorbed mass, or specific mass loss, is equal to the adsorbed mass or mass loss 

divided by the mass of adsorbent, as given in (4.3). 

 𝑞𝑎𝑑𝑠,𝑆,𝑡 =
𝑚𝑎𝑑𝑠,𝑡

𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
 (4.3) 

where 𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡  (g) is the adsorbent mass. 

Kinetic and isotherm models 

To understand the kinetics and evaluate the maximum adsorbed mass of GLY/AMPA adsorp-

tion on PBSAC, three kinetic and two isotherm models have been applied to characterize the 

evolution of the adsorbed mass of GLY and AMPA per mass of adsorbent over time using the 

‘Non-linear curve fitting’ option in OriginPro 2017/2020 (OriginLab, USA). The parameters 

used to characterize the adsorption process are shown in Table 4.2. 

First-order, second-order kinetics, and the intra-particle diffusion model [325] were applied to 

fit the data using non-linear curve fitting in OriginPro software (OriginLab Corporation, USA). 

The first-order and second-order kinetic models define that the rate of adsorption is relevant to 

the concentrations of GLY and AMPA. The movement of GLY/AMPA from the liquid phase to 

the sorbed phase (i.e., the mass-action process) could be the rate-limiting factor [320]. These 

models are empirical, which do not show the limiting mechanism. The first-order model fits 

better when the quantity of adsorption sites (PBSAC) is low [321, 322]. Meanwhile, the second-

order one fits better when the quantity of accessible adsorption sites (PBSAC) is high relative to 

the quantity of adsorbates (GLY/AMPA) [321, 322]. In the intra-particle diffusion model devel-

oped by Weber and Morris [323], intra-particle diffusion is the limiting factor of the adsorption.  
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Table 4.2: Parameters in adsorption of GLY and AMPA [324-329]. 

Model name Assumptions Formula Equation 

Kinetic models  

First-order 

kinetic model 

Adsorption at the surface is a rate-

determining mechanism. 
𝑞𝑎𝑑𝑠 = 𝑞𝑒(1 − 𝑒1

−𝑘1𝑡
) (4.4) 

Second-order 

kinetic model 

Adsorption at the surface is a rate-

determining mechanism, rate is 

proportion to the liquid-phase con-

centration of GLY and AMPA. 

1

𝑞𝑎𝑑𝑠
=

1

𝑘2𝑞𝑒
2𝑡

+
1

𝑞𝑒
 

(4.5) 

Intra-particle 

diffusion model 

Diffusion into the inner pores is a 

rate-determining mechanism rate is 

proportion to the square of liquid-

phase concentration of GLY and 

AMPA.  

𝑞𝑎𝑑𝑠 = 𝑘𝑑  𝑡0.5 (4.6) 

Isotherm models  

Langmuir Monolayer coverage only, for ad-

sorption on the homogeneous surface 

with identical adsorption sites 

𝑞𝑒 = 𝑞0
𝑏 𝑐𝑒

1 + 𝑏 𝑐𝑒
 

(4.7) 

Freundlich Multi-layer coverage of adsorbates, 

applicable for adsorption on a heter-

ogeneous surface 

𝑞𝑒 = 𝑘𝐹(𝑐𝑒)𝑛 (4.8) 

𝑡 is experimental time (h) 

𝑞𝑒 (µg/g) and 𝑐𝑒  (µg/L) are the adsorbed mass and supernatant (liquid–phase) concentration at equilibrium 

𝑐𝑓 (μg/L) is the initial (feed) GLY and AMPA concentration 

𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 (g) mass of PBSAC  

𝑞0 is maximum adsorbed mass (µg/g) 

𝑘1 (1/h), 𝑘2 (g/μg.h), 𝑘𝑑 (µg/g.h0.5) are kinetic rate constants  

𝑘𝐹 (ngn−1.g/Ln), 𝑘𝐻 (L/g) are isotherm coefficients 

 

The Langmuir isotherm model assumes that GLY and AMPA adsorb on PBSAC monolayer 

surfaces, with homogeneous adsorption and identical adsorption sites [326, 328]. The empirical 

Freundlich model assumes multilayer adsorbate coverage and is applicable to adsorption on 

heterogeneous surfaces [326, 329].  

Thermodynamic parameters 

Thermodynamic parameters provide information on the inherent energetic changes, which are 

important for evaluating adsorption. The changes in Gibbs free energy (𝛥𝐺0), enthalpy (𝛥𝐻0), 

and entropy (𝛥𝑆0) are widely used as basic thermodynamic characteristics of adsorption (Table 

4.3).  

The Gibbs free energy change (𝛥𝐺0) indicates the degree of spontaneity of the adsorption 

process, in which a negative value indicates energetically favorable and hence spontaneous 

adsorption [330]. The enthalpy change (𝛥𝐻0) is a measure of adsorption heat which is related to 

the strength of the interaction between adsorbate and adsorbent, 𝛥𝐻0 presents the temperature 

changes of the adsorbent during adsorption (exothermic) and desorption (endothermic) [331]. 

The entropy change (𝛥𝑆0) relates to the disorder of molecules [332].  
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Table 4.3: Thermodynamic parameters in adsorption of GLY and AMPA [324-329, 331, 332]. 

Thermodynamic equations  

Parameter Symbol Unit Formula  

Gibbs energy ∆𝐺0 J/mol ∆𝐺0 = −𝑅𝑇ln(𝐾) (4.9) 

Thermodynamic 

dynamic con-

stant 

𝐾 - 
ln 𝐾 =

∆𝑆0

𝑅
−

∆𝐻0

𝑅𝑇
 

(4.10) 

∆𝐻0 (J/mol) and ∆𝑆0 (J/mol.K) are the enthalpy change and entropy 

change, respectively  

𝑅𝐺 is the thermodynamic gas constant (8.314 J/mol.K) 

𝑇 is the absolute temperature (K) 

 

In the main text of the paper, the calculation of the thermodynamic parameters was incorrect. 

The errors in 𝛥𝐻0 calculation was identified because the original 𝛥𝐺0 values for GLY were 

unusually too low (highly negative). After recalculation, the author found out that the signs of 

the enthalpy change (𝛥𝐻0) of GLY and AMPA were wrong. The correct values should be +67 

kJ/mol for GLY (instead of −67 kJ/mol) and +28 kJ/mol for AMPA (instead of −28 kJ/mol). 

The overall adsorption process (including both adsorption and diffusion) was thus endothermic, 

not exothermic. 

There are changes in the entropy change (𝛥𝑆0) after recalculation, which is +310 J/mol.K for 

GLY instead of +247 J/mol.K, and +157 J/mol.K for AMPA instead of +95 J/mol.K. The Gibbs 

free energy change 𝛥𝐺0 should vary between –19 and −42 kJ/mol for GLY, instead of −135 and 

−154 kJ/mol, and between −15 and −27 kJ/mol for AMPA, instead of −54 and −61 kJ/mol. 

However, the correction of 𝛥𝐺0 does not affect the conclusion that adsorption of GLY/AMPA 

was spontaneous and GLY has more affinity for the PBSAC surface than AMPA. In the results 

and discussion on thermodynamic parameters in this dissertation, the correct results are shown.  

The adsorption of GLY and AMPA by PBSAC was investigated for general feasibility. Then 

the adsorption kinetics and adsorbed mass were evaluated. Parameters of interest were PBSAC 

properties (PBSAC dose, size, activation level, and surface oxygen content) and water condi-

tions (water pH, GLY/AMPA concentration, and temperature). 

4.5 Adsorption of GLY and AMPA by PBSAC 

Static adsorption was carried out with an environmentally relevant concentration of 1 µg/L [98] 

to evaluate whether PBSAC can adsorb GLY and AMPA (0.1 µg/L) (Figure 4.3). The PBSAC 

dose was 0.5 g/L, which was also an adsorbent dose investigated in other studies [135, 136, 146, 

206]. This PBSAC dose is higher than the usual industrial concentrations of PAC (up to 50 

mg/L) [122, 123]. 
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Figure 4.3. GLY/AMPA concentration (A) and specific mass adsorbed (B) by PBSAC with PBSAC size 200 µm, 

activation level ~ 4, oxygen content 5%, PBSAC dose 0.5 g/L, GLY/AMPA 1 µg/L each in mixture, 

1mM NaHCO3, 10 mM NaCl, 20 °C, 260 rpm, pH 8.1 ± 0.1. Solid curves in B are the best fits with 

the second-order kinetic model. Adapted from [197]. 

Figure 4.3 A shows that GLY and AMPA could be adsorbed on PBSAC, with the adsorption 

equilibrium being reached after 6 h (Figure 4.3 A). However, the EU guideline for individual 

herbicides (0.1 µg/L) was only reached for GLY [12, 13]. The mass adsorbed was 2 ± 0.2 µg/g 

for GLY and 1 ± 0.1 µg/g for AMPA. The adsorption kinetic models were applied for adsorp-

tion characterization [332], with the rate-controlling mechanism defined as mass transport 

between the liquid and solid phases (first- and second-order kinetic models) or diffusion into 

internal pores (intraparticle diffusion model) [333] (Table 4.4). 

The second-order kinetic model fits best according to the R2 values. The second-order model fit 

implies that adsorption sites (PBSAC) are abundant compared with the adsorbates 

(GLY/AMPA) [321, 322], which seems to be the case for GLY and AMPA adsorption by 

PBSAC. The theoretical mass adsorbed was 348 and 228 mg (Table 4.4), which were much 

higher than the mass adsorbed from static adsorption. Therefore, the adsorption site on PBSAC 

was not yet used up. 

 

Table 4.4: First- and second-order kinetics and intra-particle diffusion constants and R2 values of GLY adsorption by 

PBSAC. 𝑘1: first order, 𝑘2: second order, 𝑘𝑑: diffusion 

  GLY AMPA 

Pseudo first order 𝑘1 (1/h) 2 ± 0.6 0.5 ± 0.1 

R2 0.5 0.9 

Pseudo second order 𝑘2 (g/µg.h) 2.1 ± 0.8 0.6 ± 0.1 

R2 0.7 0.9 

Intra-particle diffusion 𝑘𝑑  (µg/g.h0.5) 0.20 ± 0.01 0.2 ± 0.03 

R2 0.9 0.7 

Theoretical mass adsorp-

tion monolayer (mg) 

 348 228 
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At this stage, PBSAC has been proven to be able to adsorb GLY and AMPA. A significant 

enhancement in AMPA removal requires modification of material and process properties. Next, 

the adsorption optimization will be determined with limiting factors (adsorbents, water chemis-

try) (Figure 4.4). Even though in excess, the PBSAC dose is expected to enhance GLY and 

AMPA removal, which will be investigated next. 

 

Figure 4.4. Factors in consideration to improve the adsorption of GLY/AMPA on PBSAC 

4.6 Operational parameter: PBSAC dose  

An increase in the PBSAC dose will enhance the removal if the surface area is the adsorption 

limitation. As the PBSAC surface is in excess (Table 4.4), both decreases and increases in the 

PBSAC dose (between 0.1 and 10 g/L) will be examined. Figure 4.5 shows the concentration 

and removal of GLY and AMPA by PBSAC at different doses (0.01–10 g/L). 
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Figure 4.5. GLY/AMPA concentration (A) and removal (B) as functions of PBSAC dose at 26 h, with PBSAC size 

200 µm, activation level ~ 4, oxygen content 5%, GLY/AMPA 1 µg/L each in mixture, 1 mM Na-

HCO3, 10 mM NaCl, 20 °C, 260 rpm, pH 8.1 ± 0.1. Adapted from [197]. 

The GLY and AMPA concentrations rapidly decreased as the PBSAC dose increased, despite 

the excess at the surface (Figure 4.5 A). The PBSAC dose required to meet the EU guideline for 

herbicides (of 0.1 µg/L) is 0.1 g/L. Higher PBSAC dose offers more active sites on the PBSAC 

surface. The increase in GLY and AMPA removal with increasing dose (Figure 4.5 B) indicates 

that (1) the PBSAC surface is a limiting factor or (2) the adsorption of GLY and AMPA is slow. 

The second hypothesis is supported as the adsorption equilibrium was not reached even after 26 

h at low PBSAC doses (Figure 9.1). GLY removal increased up to a PBSAC dose of 0.5 g/L; 

above that, no further removal was achieved due to the GLY removal. On the other hand, AM-

PA removal increased from 32 ± 8% to 99 ± 5% with the increase of PBSAC dose from 0.1 to 

10 g/L. The specific mass adsorbed and the second-order kinetics constant are shown in Figure 

4.6. 

 

Figure 4.6: GLY/AMPA specific mass adsorbed (A) and reaction rate (second-order kinetics) 𝒌𝟐 (B) as functions of 

PBSAC dose at 26 h with PBSAC size 200 µm, activation level ~ 4, oxygen content 5%, 

GLY/AMPA 1 µg/L each in mixture, 1 mM NaHCO3, 10 mM NaCl, 20 °C, 260 rpm, pH 8.1 ± 0.1. 

Adapted from [197]. 
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The specific adsorbed mass (𝑞𝑎𝑑𝑠) decreased from 60 ± 6 to 0.1 ± 0.05 µg/g for both GLY and 

AMPA with an increasing PBSAC dose (Figure 4.6 A). Adsorption kinetics were characterized 

using the first- and second-order kinetics models as well as intra-particle diffusion models 

(fitting parameters and R2 displayed in Table 9.1 and Table 9.2). In general, GLY adsorption 

was fast, reaching equilibrium concentration in 6 h, whereas AMPA adsorption took longer, 

reaching equilibrium in 9 h. The kinetics can be fitted by first- and second-order models, sug-

gesting that the adsorption-controlling mechanism may involve mass transport between the solid 

and liquid phases. On the other hand, even at the lowest dose, the intra-particle diffusion model 

did not fit the adsorption, indicating that internal pore diffusion is not the only controlling 

mechanism. Although intra-particle diffusion is not clearly demonstrated by kinetic experi-

ments, this mechanism cannot be ruled out due to the PBSAC porous structure. This finding 

contradicts the previous research on steroid hormone adsorption by PBSAC. Steroid hormone 

adsorption fitted well with intra-particle diffusion at low PBSAC doses (< 0.01 g/L) [206]. In 

fact, the adsorption site on the external surface for GLY and AMPA is potentially more availa-

ble than steroid hormones, because their molecular sizes (0.62 nm for GLY and 0.49 nm for 

AMPA [334]) are smaller than those of steroid hormones (0.82 nm [228]). Therefore, GLY and 

AMPA were expected to have higher maximum mass adsorbed on the external surface of PBS-

AC.  

As the PBSAC dose increased, the adsorption kinetic constant from the second-order model 

increased from 1 to 1361 for GLY and from 0.3 to 132 for AMPA (Figure 4.6 B). Faster adsorp-

tion is possible because more active sites are available on the PBSAC. Even though GLY and 

AMPA can be removed with low PBSAC doses, higher doses are required to achieve high 

adsorption rates. Since mass transfer governs adsorption, the characteristics of the PBSAC 

material will be examined next to determine whether they can improve surface accessibility. 

4.7 Material properties: particle size and external 
surface 

Particle size determines adsorption to the external surface of PBSAC. An increase in PBSAC 

particle size from 78 to 625 μm corresponds to a decrease in external surface area from 64 to 8 

m2/g. Meanwhile, no significant change in the total surface area was observed [207] (Table 4.1). 

To determine whether the external surface can improve the adsorption, experiments were per-

formed with the various PBSAC particle sizes (78–625 μm) (Figure 4.7). 
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Figure 4.7. GLY/AMPA removal (A) and specific mass adsorbed (B) with varied PBSAC sizes at 26 h (activation 

level ~ 4, oxygen content 5%, PBSAC dose 0.5 g/L, GLY/AMPA 1 µg/L each in mixture, 1mM Na-

HCO3, 10 mM NaCl, 20 °C, 260 rpm, pH 8.1 ± 0.1). Adapted from [197]. 

Higher adsorption was expected with a higher external surface area (smaller PBSAC size). 

However, the adsorption experiment results contradicted the expectation. In Figure 4.7 A and 

Figure 4.7 B, 90−95% of GLY was removed. The decreasing trend was more clearly observed 

in AMPA removal, where removal decreased from 60% to 45%. The specific mass adsorbed 

also did not show a significant trend with increasing PBSAC diameter, ranging from 2.0 to 1.8 

µg/g for GLY and from 1.1 to 0.8 µg/g for AMPA (Figure 4.7 B). The slight decrease in specif-

ic mass adsorbed in AMPA adsorption indicates that the external surface area was a limiting 

factor for AMPA adsorption. In fact, static adsorption allows very long HRT, which can com-

promise the mass transfer conditions. Therefore, the GLY/AMPA molecules can diffuse into the 

internal surface of PBSAC, resulting in uniform adsorbed masses at equilibrium regardless of 

the amount of external surface. 

The kinetic rate constant (Table 9.3) of PBSAC 78 µm was high at 52 ± 29 g/µg.h for GLY and 

20 ± 10 g/µg.h for AMPA. The adsorption equilibrium of the PBSAC at the smallest size was 

achieved in less than 10 min. With higher PBSAC size, the kinetic rate constant is lower, show-

ing insignificant change (0.7−2.5 g/µg.h for GLY and 0.1−0.6 g/µg.h for AMPA). With PBSAC 

78 µm, more highly accessible adsorption sites are available [207], leading to faster adsorption. 

Because GLY/AMPA needs less time to diffuse to the external surface than the internal surface, 

the faster adsorption with the 78 µm particles can be attributed to the larger external surface 

than the 200−650 µm particles.  

The porosity and, subsequently, the internal pore surface area of PBSAC will be affected by the 

activation level. Next, we'll look into how this variation affects GLY/AMPA adsorption. 
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4.8 Material properties: PBSAC activation level and 
internal surface 

As PBSAC was produced by carbonization and activation of a polymeric precursor [210], the 

degree of activation corresponds to how much carbon has been “opened up” or the level of pore 

volume [211]. A higher activation level provides a larger PBSAC surface area and pore volume 

[211]. The surface area and pore volume increased from 1103 m2/g and 0.331 cm3/g (activation 

level 1) to 1867 m2/g and 1.040 cm3/g (activation level 6) [207]. Except for activation level 

variation experiments, other experiments were done with PBSAC at activation level 4, with a 

surface area of 1365 m2/g. It was assumed that all activation level particles of PBSAC had the 

same diameter; a higher activation level is directly related to a larger internal surface area and 

more pore volume [207]. To investigate the roles of pore volume and internal surface area in 

GLY/AMPA adsorption, experiments with the GLY/AMPA mixture at six different PBSAC 

activation levels were performed.  

 

Figure 4.8. GLY/AMPA removal (A) and specific mass adsorbed (B) with varied PBSAC activation levels at 26 h 

(200 µm, oxygen content 5%, PBSAC dose 0.5 g/L, GLY/AMPA 1 µg/L each in mixture, 1 mM Na-

HCO3, 10 mM NaCl, 20 °C, 260 rpm, pH 8.1 ± 0.1). Adapted from [197]. 

If the internal surface of PBSAC limits the adsorption, GLY/AMPA removal is expected to 

increase with increasing activation level [335]. The static adsorption results showed that adsorp-

tion was clearly dependent on PBSAC pores. In Figure 4.8 A, the removal of GLY was > 90%, 

making it reach the guideline for herbicides in water. However, AMPA could not meet the EU 

guidelines at all activation levels, even at the highest surface area (activation level 6), with the 

removal being highest at 72%.  

The adsorbed mass increased from 1 to 2 µg/g for GLY, and from 0.2 to 1.5 µg/g for AMPA 

with higher activation levels (Figure 4.8 C), implying the significant role of internal surface area 

and pore volume in the adsorption of GLY and AMPA. The kinetic constant rate (𝑘2) increased 

with higher activation level (Table 9.4, Table 9.5). The results indicate that adsorption on the 

external surface was slower at a higher internal surface area. Interestingly, from activation level 

4, the intra-particle diffusion model also fits the adsorption kinetics, and the rate constants 
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increase with increasing activation level (Table 9.4, Table 9.5), suggesting a decreasing contri-

bution of the outer surface and an increasing contribution of the internal surface of PBSAC.  

Conclusions on GLY/AMPA transport in/on PBSAC 

From experiments with different particle sizes (external surface) and activation levels (internal 

surface), it is confirmed that GLY and AMPA can be adsorbed on the external and internal 

surfaces of PBSAC. Although the external surface of PBSAC was abundant, the diffusion of 

GLY/AMPA into pores was also a limiting factor. GLY and AMPA can transport to PBSAC via 

boundary-layer (film) diffusion, surface diffusion, and intra-pore diffusion (Figure 4.9) [196].  

 

Figure 4.9. Transport of GLY and AMPA on PBSAC. Adapted from [197]. 

This finding differed from steroid hormone adsorption on PBSAC, where surface interaction 

was found to play a dominant role [206]. In fact, GLY and AMPA are more mobile in water 

than steroid hormones. At 20 °C, the diffusion coefficients are 6.9 ∙ 10−10 m2/s for GLY and 8.7 ∙ 

10−10 m2/s for AMPA, which are higher than that of steroid hormone (17-β estradiol) of 5.4 ∙ 

10−10 m2/s [336]. Therefore, GLY and AMPA can penetrate into PBSAC pores within a shorter 

time than steroid hormones. This explains the contribution of intra-pore diffusion to 

GLY/AMPA adsorption, whereas steroid hormone adsorption is dominated by external surface 

adsorption. Other reasons might be the lower affinity of GLY and AMPA for PBSAC compared 

to that of steroid hormones, which might differ in the chemistry between GLY/AMPA and 

PBSAC. This needs investigation of the PBSAC surface oxygen content and water pH. 

These factors contributed to the lower affinity of the PBSAC surface for GLY/AMPA compared 

to steroid hormones, although GLY and AMPA have higher mobility in water (at 20 °C, the 

diffusion coefficients are 6.9 ∙ 10−10 m2/s for GLY and 8.7 ∙ 10−10 m2/s for AMPA, which are 

higher than that of steroid hormone (17-β estradiol) of 5.4 ∙ 10−10 m2/s [336]), 
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4.9 Material properties: PBSAC surface oxygen 
content  

The surface oxygen content can affect adsorption on PBSAC by providing more hydrogen bond 

acceptors. GLY and AMPA are hydrophilic and negatively charged at pH 8 [49]. Oxygen-

containing groups can enhance the interaction of PBSAC with water and reduce interactions 

with organic compounds [211, 337]. GLY and AMPA adsorption by PBSAC is shown in Figure 

4.10. 

 

Figure 4.10: GLY/AMPA removal (A) and specific mass adsorbed (B) with varied PBSAC oxygen content at 26 h 

(200 µm, activation level ~ 4, PBSAC concentration 0.5 g/L, initial GLY/AMPA concentration 1 

µg/L, 1 mM NaHCO3, 10 mM NaCl, 20 °C, 260 rpm, pH 8.1 ± 0.1). 

At higher surface O content of PBSAC, the removal of GLY/AMPA was lower, indicating the 

reduced interaction with organic molecules. The removal of GLY was 97% and 95% at oxygen 

content of 1.5% and 5%, respectively, achieving the EU guidelines. The removal then decreased 

to 34% for GLY and 16% for AMPA at the highest oxygen content (10%). The same trend was 

observed for mass adsorbed (𝑞𝑎𝑑𝑠) when 𝑞𝑎𝑑𝑠 decreased with the increase of oxygen content on 

the PBSAC surface. The carboxylic acid and hydroxyl group were detected on the PBSAC 

surface using Raman and X-ray photoelectron spectroscopies by Tagliavini et al., which might 

account for the oxygen-containing group [206, 207]. Hydrogen bonds can form between water 

molecules and the oxygen-containing groups on the PBSAC surface, hindering the adsorption of 

GLY/AMPA on PBSAC [337]. 

4.10 Water quality: solution pH 

GLY has four pKa (0.8, 2.6, 5.8, 10.8) and AMPA has three pKa (1.8, 5.4, 10.2) values. In 

consequence, the charge of GLY ranges from +0 to −3, and AMPA ranges from +0 to −2 at pH 

from 2 to 12 (Chapter 2.1. GLY and AMPA properties) [44]. pH is expected to play a critical 

role in adsorption. To determine the role of GLY and AMPA charge, adsorption by PBSAC was 

performed with different water pH from 2 to 12 (Figure 4.11).  
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Figure 4.11. GLY/AMPA removal (A) and specific mass adsorbed (B) with different pH at 26 h (PBSAC 200 µm, 

activation level ~ 4, oxygen content 5%, dose 0.5 g/L, GLY/AMPA 1 µg/L each in mixture, 1mM 

NaHCO3, 10 mM NaCl, 20 °C, 260 rpm). Adapted from [197]. 

Removal of both GLY and AMPA decreases significantly with increasing pH (Figure 4.11 A 

and B). Clearly, a low or neutral pH is required for the best GLY and AMPA adsorption. From 

Figure 4.11 C, the adsorbed mass was higher at acidic and neutral pH.  

GLY is neutral charged at pH < 3, while AMPA is neutral at pH < 5. With further increases in 

pH, GLY and AMPA are negatively charged [199, 338]. Meanwhile, PBSAC has neutral charge 

in all pH [206]. The functional groups of GLY and AMPA can interact with the functional 

groups on PBSAC surface via hydrogen bonding and van der Waals interaction [199, 339]. 

The energetic interactions (hydrogen bonding and van der Waals interaction) occur within 

nanoseconds when the adsorbates are close (in the order of 1 nm) to the PBSAC surface (Figure 

4.12) [340].  

 

Figure 4.12. Adsorption mechanisms of GLY and AMPA on PBSAC, including hydrogen bonding and van der Waals 

interaction. The interaction/adsorption hindrance caused by the hydration shells around negative 

charges, especially at high pH, is highlighted. Adapted from [197]. 

The functional groups on the PBSAC surface can form hydrogen bonds with those of GLY and 

AMPA [199, 206, 339]. Besides, van der Waals interactions can be formed between GLY or 

AMPA and PBSAC [199]. Additionally, the hydration layer could become stronger as the 
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negative charges of GLY and AMPA increase [347], thereby hindering their adsorption to the 

PBSAC surface. 

Comparing to hydrophobic compounds (steroid hormones), the less adsorption of GLY and 

AMPA can be due to 1) strong hydration of GLY/AMPA than neutral hormone molecules 

making it harder to reach PBSAC surface [341, 342], 2) weak van der Waals interaction with 

the PBSAC [343], and 3) absence of high affinity π-rings which plays a dominant role in steroid 

hormone adsorption [344]. 

4.11 Water quality: GLY and AMPA concentration 

With the target of removing GLY and AMPA to meet EU guidelines, achievable water quality 

depends on contaminant concentrations in raw water; consequently, adsorption was investigated 

over a range of 0.1–1000 µg/L for GLY and AMPA [345] (Figure 4.13).  

 

Figure 4.13. GLY/AMPA concentration (A) and specific mass adsorbed (B) with GLY and AMPA concentration at 

26 h (PBSAC 200 µm, activation level ~ 4, oxygen content 5%, PBSAC dose 0.5 g/L, 1 mM Na-

HCO3, 10 mM NaCl, 20 °C, 260 rpm, pH 8.1 ± 0.1). Adapted from [197]. 

In Figure 4.13 A, the EU guideline was met for GLY adsorption by PBSAC with initial concen-

trations ≤ 1 µg/L. Meanwhile, AMPA concentration was higher than 0.5 µg/L, leading to in-

complete removal.  

Concentration decreased from 10 to 1000 µg/L for GLY and 0.5 to 1000 µg/L for AMPA with 

increasing herbicide concentrations. The maximum adsorbed mass was not determined within 

the concentration range of 0.1–1000 µg/L. PBSAC exhibited a linear relationship between 

GLY/AMPA mass adsorbed and concentration up to a concentration of 1000 µg/L (Figure 4.13 

B). The high initial GLY and AMPA concentrations were used for static adsorption to deter-

mine the maximum adsorbed mass of PBSAC. Figure 4.14 shows the adsorption isotherms of 

GLY and AMPA displayed by PBSAC.  
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Figure 4.14: Adsorption isotherm displayed by PBSAC. The Langmuir model is applied (PBSAC 200 µm, PBSAC 

concentration 0.5 g/L, 1 mM NaHCO3, 10 mM NaCl, 20 oC, 260 rpm, pH 8.1 ± 0.1). Adapted from 

[197]. 

The Langmuir isotherm fit the adsorption, which was relevant to the GLY and AMPA monolay-

er adsorption due to the low concentration of the herbicides [326]. The Freundlich and Henry 

isotherms [329, 346] did not fit the adsorption. The maximum specific adsorbed masses were 

determined to be 78 and 1.3 mg/g, respectively, using the Langmuir isotherm model.  

4.12 Operational parameter: water temperature 

To evaluate the impact of temperature on the adsorption of GLY and AMPA, experiments were 

conducted at temperatures of 5–80 °C, where lower temperatures are relevant in water treatment 

[347]. GLY/AMPA adsorption at different temperatures is shown in Figure 4.15. 

 

Figure 4.15. GLY/AMPA removal (A) and specific mass adsorbed (B) with different temperatures at 26 h (PBSAC 

200 µm, activation level ~ 4, oxygen content 5%, PBSAC dose 0.5 g/L, initial GLY/AMPA concen-

tration 1 µg/L, 1mM NaHCO3, 10 mM NaCl, 260 rpm, pH 8.1 ± 0.1). Adapted from [197]. 
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GLY removal increased when the temperature increased from 5 to 20 °C. However, the removal 

remained more than 90% at temperatures higher than 20 °C. Meanwhile, the removal of AMPA 

increased from 30% to 90% with the increase of temperature. At 80 °C, the removal was 90%, 

and the AMPA concentration met the EU guideline, although this temperature is unrealistic for 

water treatment. The mass adsorbed of GLY increased from 1.2 µg/g at 5 °C to 2 µg/g at 80 °C. 

The adsorbed mass of AMPA increased from 0.7 µg/g at 5 °C to 1.7 µg/g at 80 °C (Figure 4.15 

B). 

Thermodynamic parameters (the Gibbs free energy (𝛥𝐺0, kJ/mol), enthalpy (𝛥𝐻0, kJ/mol), and 

entropy (𝛥𝑆0, J/mol.K) changes) of GLY and AMPA adsorption are shown in Table 4.5.  

Table 4.5. The Gibbs energy (𝛥𝐺0, kJ/mol), enthalpy (𝛥𝐻0, kJ/mol), and entropy (𝛥𝑆0, J/mol.K) changes of the 

adsorption of GLY and AMPA (PBSAC 200 µm, activation level ~ 4, oxygen content 5%, PBSAC 

dose 0.5 g/L, initial GLY/AMPA concentration 1 µg/L, 1 mM NaHCO3, 10 mM NaCl, 260 rpm, pH 

8.1 ± 0.1). Adapted from [197]. 

 GLY AMPA 

𝛥𝐻0 (kJ/mol) 67 ± 11 28 ± 4  

𝛥𝑆0 (J/mol.K) 310 ± 62 157 ± 31  

𝛥𝐺0 (kJ/mol) at 5 °C −19 ± 3  −15 ± 3  

𝛥𝐺0 (kJ/mol) at 20 °C −24 ± 4  −18 ± 3  

𝛥𝐺0 (kJ/mol) at 80 °C −42 ± 6  −27 ± 4  

 

Enthalpy change (𝛥𝐻0) of GLY and AMPA were +67 kJ/mol and +28 kJ/mol, respectively. The 

positive enthalpy changes mean the adsorption process was endothermic. As 𝛥𝐻0 < 80 kJ/mol, 

the adsorption mechanism was typically physical adsorption, which is realistic as PBSAC only 

has 5% of oxygen-containing groups [348, 349].  

As the process involves both adsorption and diffusion, the entropy change is attributed to both 

processes rather than only adsorption. The entropy change (𝛥𝑆0) were +310 J/mol.K for GLY 

and +157 J/mol.K for AMPA, indicating an increase in disorder at the solid−liquid interface 

during the adsorption. In this process, the adsorption of GLY/AMPA to PBSAC results in a loss 

of freedom (rotation and translation), leading to a decrease in entropy (𝑆0). At the same time, 

intra-particle diffusion of GLY and AMPA into the PBSAC pores proceeds, which is more 

favorable at high temperature [350], resulting in a positive entropy change 𝛥𝑆0. The desorption 

also happens during this time which increase the disorder. Therefore, the positive 𝛥𝑆0 is the 

sum of all these phenomenon [351].  

The Gibbs energy change (𝛥𝐺0) was negative at all temperatures, meaning the spontaneous 

adsorption process [332]. The 𝛥𝐺0 value decreased from –19 kJ/mol to–42 kJ/mol for GLY, 

and from –15 kJ/mol to –27 kJ/mol for AMPA with the increase of temperature, suggesting the 

higher adsorption at higher temperature, which was also observed in the static adsorption. 

Overall, the adsorption process is endothermic, likely physical, spontaneous, and more favora-

ble at high temperatures. 
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4.13 Conclusions 

In this chapter, the adsorption of GLY and AMPA was evaluated in static adsorption, with HRT 

ranging from 5 min to 26 h. The investigation of adsorption optimization proceeded from two 

different approaches: material characteristics and operational parameters. In addition, the inter-

ference on the adsorption of GLY and AMPA on PBSAC by water chemistry was also studied. 

The following points are obtained from this investigation.  

• The adsorption of GLY and AMPA at environmentally relevant concentrations from wa-

ter by PBSAC was achieved, with 95% removal of GLY and 57% removal of AMPA. 

• Both the external and internal surfaces contribute to GLY and AMPA adsorption, alt-

hough only a proportion of the surfaces has a high affinity for the charged herbicides. 

• The process was influenced by hydrogen bonding and van der Waals interaction between 

charged GLY/AMPA and the PBSAC surface groups, and hindered by the hydration 

layer of GLY and AMPA.  

In summary, adsorption, which is the current standard technology in water treatment plants in 

Germany for micropollutant removal, can remove GLY and AMPA at environmentally relevant 

concentrations. The static adsorption by PBSAC exhibited a good adsorption in which GLY was 

removed to below the EU guideline concentration of 0.1 µg/L. Meanwhile, AMPA could not be 

removed to the same level. As water always contains organic matter, bacteria, viruses, and 

particulates, adsorption will always be interfered with by these water components. To overcome 

this challenge, membrane filtration will be integrated with adsorption for GLY/AMPA removal 

in the next step.  
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5 Dynamic adsorption of GLY and 
AMPA by UF–PBSAC 

This chapter is adapted from a publication in Water Research (2024) entitled: P.B. Trinh, A.I. 

Schäfer, Removal of glyphosate (GLY) and aminomethylphosphonic acid (AMPA) by ultrafiltra-

tion with permeate-side polymer-based spherical activated carbon (UF–PBSAC), Water Re-

search, 250 (2024) 121021 [352]. 

The contribution of authors: 

Phuong B. Trinh: performing experiments; samples analysis; data analysis and interpretation; 

validation; methodology; visualization; writing – original draft 

Andrea I. Schäfer: conceptualization; methodology; funding acquisition; project administra-

tion; resources; supervision; validation; writing – review & editing 

This chapter aims to investigate the GLY and AMPA adsorption performance of ultrafiltration 

membrane with permeate-side polymer-based spherical activated carbon (UF–PBSAC). The 

adsorption performance is determined by the adsorbent properties and the filtration operation 

conditions. Varied experimental parameters include PBSAC characteristics (size, PBSAC layer 

thickness), operation conditions (flux), and water conditions (GLY/AMPA concentrations, pH, 

and water temperature). Finally, the adsorption mechanisms and the limiting factors of dynamic 

adsorption are evaluated to optimize UF–PBSAC adsorption filtration. 
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5.1 Introduction 

The membrane–adsorption hybrid system takes advantage of both filtration and adsorption to 

overcome the limitations of each technology [192]. Tagliavini et al. have successfully combined 

ultrafiltration with a permeate-side polymer-based spherical activated carbon (UF–PBSAC) to 

remove steroid hormones with a removal of >96% from 100 ng/L in the feed solution [207]. 

With this vision, UF–PBSAC is expected to remove GLY and AMPA in water. In this process, 

PBSAC is in charge of adsorbing GLY and AMPA while UF acts as a barrier to remove organic 

matter, bacteria, viruses, and particulates, which can interfere with adsorption. 

In Chapter 4, PBSAC was previously investigated for GLY/AMPA removal. Compared to 

steroid hormones, GLY and AMPA are smaller and more hydrophilic [61]. The hydrodynamic 

diameter of 17β-Estradiol is 0.79−0.86 nm, while the hydrodynamic diameter of GLY and 

AMPA are 0.62 nm and 0.49 nm, respectively [61]; hence, the van der Waals interaction is 

weaker [343]. Moreover, GLY and AMPA interaction with PBSAC does not involve π−π stack-

ing like steroid hormones, and the strong hydration shell of GLY/AMPA can hinder adsorption. 

Therefore, the limitation of GLY and AMPA adsorption on UF–PBSAC can be the lower ad-

sorption than steroid hormones, which need to be investigated based on material characteristics 

(surface area), operational parameters (flux, and PBSAC layer thickness, which are related to 

HRT), and water chemistry.  

On the other hand, the higher mobility of GLY/AMPA than steroid hormones can help herbi-

cides to penetrate into PBSAC pores within a shorter time, which might be beneficial compared 

to steroid hormones. 

Based on the hypothesis, UF–PBSAC will be applied for GLY and AMPA removal, with the 

following specific research questions addressed. 

• Can UF–PBSAC efficiently remove GLY/AMPA within short HRT in dynamic filtra-

tion? 

• Which factors (external surface of PBSAC, HRT, material capacity, water pH, and water 

temperature) limit GLY/AMPA adsorption by UF‒PBSAC?  

• Can the EU regulation requirements be achieved when the limiting factors are mini-

mized? 

5.2 Filtration system and protocol 

The dynamic filtration of UF‒PBSAC was performed in a dead-end stainless steel system as 

described in the work of Tagliavini et al. [207] (Figure 5.1). The filtration protocol was adapted 

from previous work [195, 353-355] and is shown in Table 9.9. There are three parts in the cell: 

the base, the membrane cell, and the top. The stirrer is not used in this work for the UF mem-

brane. The internal diameter of the membrane cell is 7 cm2 with an effective filtration area of 

38.5 cm2 and an internal volume of 990 mL. To place PBSAC at the bottom of the cell, stainless 

steel porous ‘rings’ with a thickness of 1 or 2 mm were stacked on the porous support (SIKA-
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5AX, GKN Powder Metallurgy, Germany, average pore diameter 10 μm, porosity 31%) to form 

a well that can accommodate a 1−6 mm layer of PBSAC. This porous layer also prevents the 

release of PBSAC into permeate. The PBSAC layer thickness can be adjusted by changing the 

bottom part of the stirred cell and adding more stainless-steel porous ‘rings’.  

 

Figure 5.1: Schematic of UF–PBSAC filtration system with a modified bottom that allows variable depth of PBSAC. 

The cell was connected to a synthetic air tank (Alpha Gas, Air Liquid, Germany), which con-

tained 20% oxygen and 80% nitrogen. Pressure was measured by a pressure transducer 

(PX219–30V85G5V, Omega Engineering, Germany), and temperature was measured by a 

thermocouple (TJ2-CPSS-M60U-250-SB, Omega Engineering, Germany). Both sensors were 

assembled on the top part of the cell. The temperature of the stirred cell was controlled by a 

thermostatic circulator system composed of a chiller (LKB 2219 MultiTemp II, Bromma, Ger-

many) and a stainless-steel, flexible serpentine (Water Way Engineering GmbH, Germany) 

wrapping around the stainless-steel stirred cell. The permeate mass was measured with an 

electronic balance (Adventurer ProAV 2102, Ohaus, Germany). All data were collected with a 

tailored LabView 2014 program (National Instruments, Germany). 

Before the filtration experiments, the membrane was soaked in Milli-Q water for 1 hour to wet 

and remove storage chemicals. Then, a PBSAC layer with a 2 mm thickness was placed on the 

porous plate, and a UF membrane was placed on top of the PBSAC layer. UF–PBSAC was 

mounted in the membrane cell, which was subsequently compacted with Milli-Q water at 1.4 

bar for 1 hour. The pure water permeability of the membrane was measured after compaction at 

a pressure of 1.4 bar. For the main filtration experiment, the cell was filled with 700 mL of feed 

solution (GLY/AMPA 1000 ng/L) and pressurized by synthetic air. 100 mL of permeate was 

collected at a defined permeate volume (100, 200, 300, 400, 500, 600 mL).  

After the experiment, the pure water permeability of the membrane was measured again at a 

pressure of 1.4 bar. The membrane was then unmounted, the PBSAC removed, and the stirred 
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cell was disassembled and cleaned with 2 M HCl (pH 2), 2 M NaOH (pH 12), and Milli-Q 

water.  

5.3 Ultrafiltration membrane choice 

UF regenerated cellulose membrane (PLHGC 10 kDa, Merck Millipore, USA) with a nonwoven 

polypropylene support layer and a regenerated cellulose active layer was chosen for this work. 

The total thickness of the membrane was 230 µm with 0.5–1 µm active layer thickness. The 

membrane had negligible adsorption of micropollutants (interfered little with the adsorption by 

the bottom PBSAC layer). Moreover, PLHGC 10 kDa membranes can effectively remove 

humic substances [363, 364], which account for 85% of natural organic matter [356] and are 

typically treatable by 10 kDa membranes [357, 358]. In addition, ultrafiltration would be an 

effective barrier to pathogens that need to be retained in water treatment applications. The role 

of UF membrane in UF–PBSAC for micropollutant removal with the presence of humic acid 

was conducted in previous work [215]. Therefore, this chapter will only evaluate the adsorption 

performance of GLY and AMPA in synthetic water. 

5.4 Adsorbents 

Information on adsorbents was presented in Chapter 4 (Table 4.1). In this chapter, PBSAC at 

different sizes was used (78, 200, 380, 450, 475, 580, 625 µm).  

5.5 Data analysis 

Removal of GLY and AMPA, and the mass adsorbed, were calculated using the same equations 

in Chapter 4. 

Flux and permeability of UF–PBSAC membrane filtration 

Water flux 𝐽𝑣 (L/m2.h) is determined from the permeate mass using: 

 
𝐽𝑣 =

𝑄𝑝

𝐴
 

(5.1) 

where 𝑄𝑝 =
∆𝑚𝑝

∆𝑡𝜌𝑤
 is the permeate flow rate (m3/s); ∆𝑚𝑝 is the change of mass in elapsed time 

∆𝑡; 𝜌𝑤 is the density of water (equal to 1000 ± 10 g/L at 20-22 °C [359]); 𝐴: active membrane 

area (m2).  

The water permeability 𝐿𝑝 (L/m2.h.bar) is determined from the water flux and transmembrane 

pressure ∆𝑃 (bar) in equation (5.2). 

 
𝐿𝑝 =

𝐽

∆𝑃
 

(5.2) 
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Hydraulic residence time of UF–PBSAC 

In adsorption by UF–PBSAC, HRT can limit the access and diffusion of GLY and AMPA to the 

PBSAC surface and pores [353]. The HRT of GLY and AMPA in UF–PBSAC is calculated 

using equation (5.3). and reported in Figure 5.2 

 
𝑡̅ =

𝑉

𝑄
=

𝑉𝑚 · 𝜀

𝑄
=

𝐴 · 𝛿 · 𝜀

𝑄
=

𝛿 · 𝜀

𝐽
 

(5.3) 

where 𝑉 is the volume of membrane occupied by feed solution (L), 𝑉𝑚 is membrane volume 

(L), 𝛿 is membrane thickness (m), and 𝜀 is membrane porosity, assuming that PBSAC layer 

porosity was 0.4 and HRT in the UF membrane was neglected.  

 

Figure 5.2: HRT of GLY/AMPA of UF‒PBSAC. Adapted from [352]. 

For varying PBSAC layer thickness, the HRT increased from 14 s to 86 s as the PBSAC layer 

thickness increased from 1 to 6 mm. Meanwhile, the HRT decreased reciprocally from 115 s to 

5 s with the increase of flux from 25 to 500 L/m2.h. In this short HRT, the investigation into 

whether GLY and AMPA can be removed will be performed.  

To evaluate dynamic adsorption performance, UF–PBSAC was first examined for GLY/AMPA 

removal at an environmentally relevant feed concentration (1000 ng/L of each herbicide). Then, 

the limiting factors of adsorption were investigated to determine the optimized conditions for 

process optimization. 

5.6 GLY/AMPA removal by UF‒PBSAC 

To determine whether GLY and AMPA can be adsorbed on UF–PBSAC in a short HRT, the 

filtration of UF membrane and UF‒PBSAC membrane was conducted with a feed concentration 

of 1000 ng/L (environmentally relevant concentration in Germany [98]). The PBSAC layer 

thickness was 2 mm, the same thickness used by Tagliavini et al. to achieve 96% removal of 
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steroid hormones [207]. The breakthrough of GLY and AMPA from the filtration of UF and 

UF‒PBSAC membranes is shown in Figure 5.3. 

 

Figure 5.3. GLY/AMPA permeate concentration (A), removal (B), and specific adsorbed mass (C) (200 µm PBSAC 

diameter, 2 mm layer thickness, 100 L/m2.h flux, 1000 ng/L GLY/AMPA, 1mM NaHCO3, 10 mM 

NaCl, 20 ± 0.5 °C, pH 8.1 ± 0.1). Adapted from [352]. 

UF membrane (without PBSAC) can adsorb GLY and AMPA in the first 300 mL, then the 

removal gradually reduced to < 5%, indicating a near adsorption saturation (Figure 5.3 A). This 

removal was due to the adsorption, but retention as GLY and AMPA are much smaller than the 

membrane pores. The molecular diameters of GLY and AMPA are 0.62 nm and 0.49 nm, re-

spectively, [197] which are smaller than the PLHGC 10 kDa membrane pore diameter at ~5.4 

nm [221, 334]. The regenerated cellulose, which contained hydroxyl groups [369] in the active 

layer of the UF membrane, could interact with the functional groups of GLY and AMPA (phos-

phonate and carboxylate groups), allowing adsorption to occur [360]. 
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UF–PBSAC can remove GLY and AMPA with a thin PBSAC layer via dynamic adsorption. 

The removal was 77 ± 4% for GLY and 52 ± 5% for AMPA (Figure 5.3 B). The GLY and 

AMPA permeate concentrations with UF‒PBSAC were stable at around 228 ± 12 ng/L and 480 

± 32 ng/L (Figure 5.3 A), respectively, during the filtration experiment. The permeate concen-

trations did not meet the EU regulation for individual herbicides (100 ng/L) [13].  

The stable permeate concentration during filtration (Figure 5.3 A), while specific adsorbed mass 

keeps increasing linearly (Figure 5.3 C), indicates the steady-state adsorption. This was due to 

the abundance of the external surface of PBSAC in the layer, which was also the case in the 

adsorption of steroid hormones by UF–PBSAC [207]. Compared to the theoretical mass ad-

sorbed of GLY and AMPA on PBSAC (Table 9.6), the observed mass adsorbed was much 

lower at 129 ± 11 ng/g for GLY and 95 ± 8 ng/g for AMPA. 

Compared to static adsorption (Chapter 4), the mass adsorbed of GLY and AMPA by UF–

PBSAC were lower (1800 ng/g for GLY and 1000 ng/g for AMPA [197]). In dynamic adsorp-

tion, GLY and AMPA did not reach both the external and internal surfaces of PBSAC as much 

as in static adsorption. This has proven the concern on HRT for adsorption in UF–PBSAC as 

mentioned previously.  

At this stage, UF–PBSAC has shown an adequate performance in adsorbing GLY and AMPA. 

Next, the optimization of adsorption will be determined with parameters in consideration for 

limiting factors (adsorbents, water chemistry) (Figure 5.7).  

 

Figure 5.4. Factors in consideration to improve the adsorption of GLY/AMPA on PBSAC 

In the UF–PBSAC process, within 29 s, GLY and AMPA needed to pass the PBSAC boundary 

layer, reach the PBSAC surface, before the molecules could diffuse into the PBSAC pores, 

which was independent of HRT (Figure 5.5). The diffusion of GLY and AMPA is driven by 

concentration, which will be determined in the next section.  
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Figure 5.5. The GLY/AMPA adsorption on UF‒PBSAC. Adapted from [352]. 

5.7 Adsorption with varying GLY and AMPA 
concentrations  

To investigate the extent to which the adsorption of GLY and AMPA is limited by the initial 

concentrations, adsorption was performed at feed concentrations varying from 100 ng/L to 1000 

µg/L (a relevant range in groundwater and surface water [345], Figure 5.6). 

 

Figure 5.6.  GLY/AMPA permeate removal (A) and specific adsorbed mass (B) as a function of feed concentration 

(reported values at permeate volume 600 mL, 200 µm PBSAC diameter, 2 mm layer thickness, 100 

L/m2.h flux, 1mM NaHCO3, 10 mM NaCl, 20 ± 0.5 °C, pH 8.1 ± 0.1. Adapted from [352]. 

In all feed concentrations, it was found that AMPA removal was 10 to 20% lower than GLY 

removal. This might be due to the higher affinity of GLY towards PBSAC than AMPA. The 

higher affinity of GLY was proven in static adsorption (Chapter 4). In static adsorption, the 

maximum mass adsorbed of GLY was higher than that of AMPA [197]. Because AMPA is 

smaller, the van der Waals interactions with the PBSAC surface are weaker, leading to lower 
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affinity towards PBSAC [343]. Moreover, AMPA does not have carboxylate groups compared 

with GLY, resulting in weaker hydrogen bonding with functional groups on PBSAC [343]. 

Consequently, AMPA and PBSAC interaction is less strong than GLY [197]. 

In Figure 5.6 A and B, the removal decreased significantly from 91 to 23% for GLY and from 

83 to 7% for AMPA when the feed concentration increased. At higher feed concentrations, the 

mass adsorbed increased from 16 ng/g to 82 µg/g for GLY and from 7 ng/g to 15 µg/g for 

AMPA (Figure 5.6 C). AMPA removal at the initial concentration of 1000 µg/L was low, indi-

cating the maximum adsorbed mass at ~ 15 µg/L. Meanwhile, the maximum adsorbed mass of 

GLY was close to 82 µg/g, which was much lower than in static adsorption (Chapter 4). In static 

adsorption, the maximum adsorbed mass of GLY and AMPA was 78 and 1.3 mg/g, respective-

ly. The decrease in removal with increasing feed concentration implied that the accessible 

surface (within a short HRT of 29 s) was a limiting factor to adsorption. 

The decrease in GLY/AMPA removal was different from steroid hormones at the same concen-

tration range (100 ng/L to 100 µg/L). The removal of steroid hormones only decreased by 5% 

[353]. This difference was attributed to the high affinity of PBSAC towards steroid hormones, 

in which the hydrophobic interaction was more favorable. As a result, adsorption sites for 

GLY/AMPA adsorption expired more quickly, even though GLY and AMPA have smaller 

molecular diameters and can access the PBSAC pore more easily, as discussed in the introduc-

tion of Chapter 5. Next, the limitation of the external surface to the GLY/AMPA will be exam-

ined.  

5.8 Material property: PBSAC external surface 

In the adsorption on PBSAC, GLY and AMPA are adsorbed to the external surface (boundary 

layer) and/or diffuse into the pores [196]. In dynamic adsorption, such as UF–PBSAC, external 

surface adsorption was shown to be the limiting factor, and diffusion into pores was not signifi-

cant [207]. This is also expected for GLY and AMPA, which have lower surface affinity for 

PBSAC than steroid hormones. Therefore, varying PBSAC size will be chosen for the filtration 

of UF–PBSAC to evaluate the role of the external surface in GLY/AMPA dynamic adsorption 

(Figure 5.7). With the increase of PBSAC size, the external surface area decreased from 64 to 8 

m2/g (corresponding to a total external surface area range from 217 to 27 m2
 in UF−PBSAC, 

considering the mass of PBSAC of 3.4–3.9 g, Table 9.6) [207].  
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Figure 5.7. GLY/AMPA removal (A) and specific adsorbed mass (B) as a function of PBSAC size (reported values at 

permeate volume 600 mL, 2 mm layer thickness, 1000 ng/L GLY/AMPA, 100 L/m2.h flux, 1mM 

NaHCO3, 10 mM NaCl, 20 ± 0.5 °C, pH 8.1 ± 0.1). Adapted from [352]. 

The adsorption of GLY and AMPA on UF–PBSAC decreased with the increase of PBSAC size, 

corresponding to the decrease in the PBSAC external surface (Figure 5.7 B). With the highest 

external surface (PBSAC size 78 µm), the permeate concentration was 128 ± 7 ng/L for GLY 

and 370 ± 23 ng/L for AMPA (Figure 5.7 A). Although these concentrations were still higher 

than the EU regulation for individual herbicides (100 ng/L [13]), this increase in adsorption 

indicates that the external surface area needs to be considered for optimizing the filtration 

system. 

The GLY removal decreased from 87 ± 4 to 8 ± 1%, and the removal of AMPA decreased from 

62 ± 5 to 5 ± 1% with the increase in PBSAC size from 78 to 625 μm (Figure 5.7 B). The mass 

adsorbed also declined from 158 ± 14 to 41 ± 3 ng/g and from 118 ± 16 to 25 ± 3 ng/g for GLY 

and AMPA, respectively (Figure 5.7 C). The decrease of GLY and AMPA adsorption indicated 

that the external surface area for adsorption was a limiting factor. In fact, the total external 

surface of UF–PBSAC was abundant compared to the observed GLY/AMPA mass adsorbed. 

Theoretically, GLY/AMPA occupied only about 0.008% of the total external surface area of 

88.4 m2 in the PBSAC filtration system. After reaching the external surface of PBSAC, GLY 

and AMPA could diffuse into the pores, where adsorption would be slower than at the external 

surface.  

The influence of external surface on GLY/AMPA adsorption by UF‒PBSAC was contrary to 

that in static adsorption with PBSAC (Chapter 4) [197]. In static adsorption (HRT 26 h), while 

GLY adsorption was unchanged with the mass adsorbed 1800–2000 ng/g, AMPA mass ad-

sorbed only slightly decreased from 1100 to 800 ng/g with the decrease of external surface. 

With longer HRT, GLY and AMPA could gradually diffuse into PBSAC pores and adsorb to 

the internal surface. This finding indicated that the external surface was the limiting factor for 

adsorption in short HRT (< 1 min), but not for adsorption in long HRT (hours).  

Next, GLY/AMPA adsorption would be examined, with both the external surface area and HRT 

varied by varying the PBSAC layer thickness, to verify the roles of HRT and the PBSAC exter-

nal surface.  
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5.9 Operational parameter: PBSAC layer thickness 

When increasing the PBSAC layer thickness, the HRT and total surface area of PBSAC both 

increase. The HRT increased from 14 s to 86 s with an increase in the PBSAC layer from 1 to 6 

mm. Meanwhile, the external surface of PBSAC with a size of 200 µm increases from 30 to 267 

m2 (Table 9.7). The permeate volume, removal, and mass adsorbed of filtration at varying 

PBSAC layer thickness are shown in Figure 5.8. 

 

Figure 5.8. GLY/AMPA removal (A) and specific adsorbed mass (B) as a function of PBSAC layer thickness (report-

ed values at permeate volume 600 mL, 200 µm PBSAC diameter, 1000 ng/L GLY/AMPA, 100 

L/m2.h flux, 1mM NaHCO3, 10 mM NaCl, 20 ± 0.5 °C, pH 8.1 ± 0.1). Adapted from [352]. 

It is expected that adsorption is enhanced with the increase in PBSAC layer thickness. However, 

the adsorption results contradicted the expectation. Indeed, the removal did increase with the 

increase from the lowest PBSAC layer thickness (1 mm) to the 2 mm layer. At the thinnest 

PBSAC layer (1 mm), the removal was 35 ± 2% and 20 ± 2% for GLY and AMPA, respective-

ly. Although the total surface area was abundant at 1680 m2 (with the theoretical mass adsorbed 

on the external surface being 28 mg), the adsorption could not proceed due to (1) limited HRT 

at 14 s, and (2) insufficient contact with the PBSAC at such a thin layer. A lower steroid hor-

mone removal with UF–PBSAC with 1 mm was also observed by Tagliavini and Schäfer, in 

which removal decreased from 92−97% to 90% [207]. In the following study, Tagliavini et al. 

explained that the lower removal was due to the limited dispersion of the hormone within sub-

millimetric adsorbent layers [361].  

The increase in layer thickness led to an increase in the number of adsorption sites for 

GLY/AMPA. However, UF–PBSAC with the layer thickness > 2 mm did not exhibit a change 

in removal. The removal remained at 77–78 ± 4% for GLY and 52–54 ± 5% for AMPA. Even 

though the HRT and the adsorption sites of PBSAC increased, the contact time of each 

GLY/AMPA molecule to each PBSAC particle did not increase. It means the time that the 

GLY/AMPA molecule passes through the boundary layer of PBSAC and diffuses into the pore 

was still the same for all PBSAC layer thicknesses. The higher layer thickness only increased 



Chapter 5. Dynamic adsorption of GLY and AMPA by UF–PBSAC 

86 

the possibility of the GLY/AMPA molecule in contact with PBSAC. Moreover, the adsorption 

rate decreased at the bottom part of the PBSAC layer due to lower GLY/AMPA concentrations 

reaching the bottom adsorbent layers [361, 362]. The same phenomenon was also observed for 

steroid hormone removal by UF–PBSAC mat, where the increase in PBSAC mat layer thickness 

from 6 to 12 nm did not improve the removal [353].  

The static adsorption in Chapter 4 showed that GLY/AMPA adsorption on PBSAC was a slow 

process, which was controlled by both external adsorption and intra-pore diffusion [197]. The 

real factor that needs to be considered is the contact time between GLY/AMPA and PBSAC, 

which is defined by flux.  

5.10 Operational parameter: flux / hydraulic 
residence time 

The external surface area was still abundant; GLY and AMPA adsorption can be enhanced by 

longer HRT with lower flux, which allows the herbicide molecules to diffuse into the PBSAC 

surface and pores. To examine this hypothesis, flux was varied between 25 and 500 L/m2.h, 

which was in the typical range of UF, corresponding to HRTs between 115 and 6 s (Figure 5.2). 

The PBSAC layer thickness was 2 mm; only HRT was varied (Figure 5.9). 

 

Figure 5.9. GLY/AMPA removal (A) and specific adsorbed mass (B) as a function of flux/ HRT (reported values at 

permeate volume 600 mL, 200 µm PBSAC diameter, 2 mm layer thickness, 1000 ng/L GLY/AMPA, 

1mM NaHCO3, 10 mM NaCl, 20 ± 0.5 °C, pH 8.1 ± 0.1). Adapted from [352]. 

The results in Figure 5.9 show that flux, thus HRT, played an important role in the adsorption of 

GLY/AMPA on UF–PBSAC, despite the excess of the external surface. At the lowest flux of 25 

L/m2.h (HRT 115 s), the removal was highest at 90 ± 8% for GLY and 65 ± 5% for AMPA. At 

this flow rate, the permeate concentration of GLY was below the EU guidelines for herbicides 

(<100 ng/L). This low flux, which was in the same flux range as the NF membrane, was ob-

tained at a pressure of 0.2 bar. Compared to denser membranes, NF would need 4–20 bar to 
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achieve the flux of 36–325 L/m2.h [363], while RO would need 6‒80 bar to achieve the flux of 

12‒45 L/m2.h, depending on salinity [364]. The lower required pressure is an advantage of 

using UF–PBSAC compared to the NF/RO membrane.  

When increasing flux from 25 to 500 L/m2.h, GLY and AMPA removal decreased from 90 ± 8 

to 41 ± 3 % for GLY and from 65 ± 5 to 12 ± 1 % for AMPA, indicating the control of HRT on 

adsorption. At higher HRT, GLY and AMPA can diffuse into the pores and access the PBSAC 

internal surface (Figure 5.10). It can be important, as GLY/AMPA adsorption on PBSAC is a 

slow process, with intra-particle diffusion also a limiting factor.  

The mass adsorbed decreased from 145 ± 13 to 100 ± 9 ng/g with the increase of flux from 25 to 

500 L/m2.h (Figure 5.9 B). For AMPA, the mass adsorbed decreased from 115 ± 13 ng/g to 43 ± 

4 ng/g when flux increased from 25 to 200 L/m2.h, then remained stable at 38–43 ng/g at flux > 

200 L/m2.h (HRT > 30 s). The adsorbed mass of AMPA remained constant with HRTs above 30 

s, which was the same HRT where no increase in removal was observed with a higher PBSAC 

layer thickness. At this high HRT, GLY/AMPA had sufficient time to diffuse into the pores, and 

HRT was not a limiting factor.  

 

Figure 5.10. The GLY/AMPA adsorption on UF‒PBSAC at varying flux. Adapted from [352]. 

In static adsorption, water quality controls the adsorption of GLY and AMPA on PBSAC. 

Therefore, the water quality will be studied to find the optimized parameters for adsorption on 

UF–PBSAC. 

5.11 Water quality: solution pH 

With four pKa of GLY and three pKa of AMPA [44], adsorption of GLY and AMPA on PBS-

AC was found to be strongly dependent on solution pH in static adsorption (Chapter 4) [352]. 

To access the adsorption ability of UF–PBSAC at GLY/AMPA charge, the filtration with UF‒

PBSAC was performed with varying water pH from 2 to 12 to investigate the role of GLY and 

AMPA charges on adsorption (Figure 5.11). 
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Figure 5.11. GLY/AMPA removal (A) and specific adsorbed mass (B) as a function of pH (reported values at 

permeate volume 600 mL, 200 µm PBSAC diameter, 2 mm layer thickness, 1000 ng/L GLY/AMPA, 

100 L/m2.h flux, 1mM NaHCO3, 10 mM NaCl, 20 ± 0.5 °C). Adapted from [352]. 

At acidic and neutral pH, the removal of GLY and AMPA was 65–77 ± 4% and 38–52 ± 5% at 

pH 2–8. At this pH, the charges of GLY and AMPA were 0 and –1, respectively. From pH 10, 

the removal of GLY and AMPA decreased to <5%, where the charges of GLY and AMPA were 

–3 and –2, respectively. This phenomenon was also observed in the static adsorption of 

GLY/AMPA with PBSAC, where higher removal was observed at acidic and neutral pH [197].  

The interaction between GLY/AMPA and PBSAC was discussed in Chapter 4. In summary, the 

energetic adsorption mechanisms for GLY and AMPA on PBSAC were van der Waals interac-

tions and hydrogen bonding. At higher pH, the functional groups of GLY and AMPA (phos-

phonate and carboxylate) could not accept protons from the carboxylic groups or other positions 

on the PBSAC surface to form more hydrogen bonds [199, 339]. Moreover, by increasing the 

negative charge of GLY/AMPA (higher pH), GLY/AMPA removal and specific adsorbed mass 

were reduced. The reason can be the strong hydration layer surrounding GLY and AMPA at 

high pH, which may hinder the interaction of GLY/AMPA with the PBSAC surface and the 

diffusion of GLY/AMPA into the PBSAC pores (Figure 5.12) [57, 58, 365]. 

 

Figure 5.12. The GLY/AMPA adsorption on UF‒PBSAC at low and high pH. Adapted from [352]. 
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5.12 Operational parameter: feed temperatures 

In static adsorption, the GLY and AMPA adsorption was enhanced at higher temperatures 

(Chapter 4). Therefore, to find the optimized condition for the dynamic adsorption, the filtration 

at varying temperatures was performed in the temperature range from 10 to 50 °C, which are 

relevant temperatures in water treatment (Figure 5.13) [366]. 

 

Figure 5.13. GLY/AMPA removal (A) and specific adsorbed mass (B) as a function of temperature (reported values 

at permeate volume 600 mL, 200 µm PBSAC, 2 mm layer thickness, 1000 ng/L GLY/AMPA, 100 

L/m2.h flux, 1mM NaHCO3, 10 mM NaCl, pH 8.1 ± 0.1). Adapted from [352]. 

Except for the lowest temperatures (10 °C), no significant change was observed (Figure 5.13). 

The removal was lowest at 10 °C, with 30% GLY and < 10% AMPA being removed. The mass 

adsorbed was lowest at 100 ng/g and 42 ng/g for GLY and AMPA, respectively. The adsorbed 

mass was lower at low temperatures, implying that the dynamic adsorption by UF–PBSAC was 

controlled by kinetics rather than thermodynamics.  

Even though the adsorption is an exothermic process that favors low temperatures (Figure 5.14) 

[197], the higher diffusivity was obtained at higher temperatures, allowing GLY/AMPA to 

diffuse into PBSAC pores. The diffusivity of GLY decreased from 1.5 ∙ 10−9 m2/s (50 °C) to 5.1 

∙ 10−10 m2/s (10 °C) and AMPA from 1.9 ∙ 10−9 m2/s (50 °C) to 6.4 ∙ 10−10 m2/s (10 °C) [196]. 

Therefore, at lower temperatures, GLY and AMPA diffused more slowly into PBSAC pores, 

affecting the adsorption at short HRT (Figure 5.14).  

In the range of 20–50 °C, the removal remained at 75–80 % for GLY and 40–50 % for AMPA, 

while the adsorbed mass was 125–130 ng/g (GLY) and 88–95 ng/g (AMPA), which was differ-

ent from static adsorption. In static adsorption, increasing temperature led to an increase in 

AMPA removal from 55 to 68%, while GLY removal remained 94–97% [197]. This insignifi-

cant change is attributed to increasing diffusivity, decreasing adsorption affinity, and more 

significant mass transfer limitation due to the short HRT.  
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Figure 5.14. The GLY/AMPA adsorption/ desorption on UF‒PBSAC at varying temperatures. Adapted from [352]. 

This result shows that temperature > 10 °C is not a limiting factor for adsorption by UF–

PBSAC, and this parameter will not be considered in the optimized process, as the process was 

relatively robust towards temperature changes. 

5.13 Optimization of UF–PBSAC adsorption for 
GLY/AMPA removal 

The UF–PBSAC filtration is optimized by minimizing the limiting factors (external surface area 

and HRT). Experiments proceeded with UF‒PBSAC at a PBSAC size of 78 µm, a flux of 25 

L/m2.h, and PBSAC layer thicknesses of 2 mm and 6 mm (Figure 5.15).  

 

Figure 5.15. GLY/AMPA permeate concentration (780 µm PBSAC diameter, 2 mm and 6 mm layer thickness, 1000 

ng/L GLY/AMPA, 25 L/m2.h flux, 1mM NaHCO3, 10 mM NaCl, 20 ± 0.5 °C, pH 8.1 ± 0.1). Adapted 

from [352]. 

With UF‒PBSAC at 2 mm, 78 µm, and flux 25 L/m2.h, the permeate concentrations for GLY 

and AMPA were 78 ng/L and 228 ng/L, respectively. The EU regulation requirement for herbi-

cides (100 ng/L) was reached for GLY but not AMPA (Figure 5.15). However, the total concen-

tration of 306 ng/L was lower than the regulation value for total herbicides (500 ng/L) [13]. 
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UF–PBSAC with a PBSAC layer thickness of 6 mm, and EU regulation for herbicides (100 

ng/L individual, 500 ng/L for total herbicides) were met for both GLY (11 ng/L) and AMPA (47 

ng/L). Higher adsorption of GLY and AMPA was obtained with more adsorption sites and a 

longer HRT (120 s), which allowed GLY/AMPA to have more time to interact with the PBSAC 

surface.  

5.14 Conclusions 

This chapter evaluated the dynamic adsorption of GLY and AMPA on UF–PBSAC at HRTs 

ranging from 5 to 115 s. In this process, PBSAC is in charge of adsorbing GLY and AMPA 

while UF acts as a barrier to remove organic matter, bacteria, viruses, and particulates, which 

can interfere with the adsorption. The investigation of dynamic adsorption optimization consid-

ered the limiting factors and adsorption mechanisms. The following points are obtained from 

this investigation.  

• With a 2 mm layer of PBSAC, UF–PBSAC could remove 77 % GLY and 52 % AMPA, 

which was lower than in static adsorption. This finding indicates that adsorption sites 

limit the adsorption. 

• Both surface area and HRT play an important role in the adsorption. More surface area 

provides more adsorption sites, while HRT allows GLY and AMPA to diffuse into 

PBSAC pores. 

• At optimized conditions, by decreasing PBSAC size to 78 µm, decreasing flux to 25 

L/m2.h, and increasing PBSAC layer thickness to 6 mm, EU guidelines for herbicides in 

water were achieved with 98% GLY and 95% AMPA removal. 

Overall, adsorption of GLY and AMPA by UF‒PBSAC was possible in dynamic filtration with 

relatively short HRTs. In the dynamic system, although the surface area of PBSAC was abun-

dant, the mass transfer is still controlling the adsorption due to (1) less accessible surface, (2) 

short HRT. The hybrid adsorption– UF membrane filtration system at optimized conditions has 

proven to be effective for the removal of GLY and AMPA. However, a flux of 25 L/m2.h (115 

s) was required to achieve reasonable performance, which is low for a filtration process, posing 

a challenge for further investigation on recovery enhancement.  

As UF–PBSAC has proven its efficiency in removing GLY and AMPA. Can the NF membrane, 

which is a denser membrane, have better performance? This will be answered in the next chap-

ter. 
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6 GLY and AMPA rejection by 
nanofiltration membrane 

This chapter is adapted from a publication in Nature Communications entitled: P.B. Trinh, 

M.N. Nguyen, Z. Futera, B. Minofar, M. Personeni, P.B. Petersen, A.I. Schäfer, The role of 

hydration in the removal of glyphosate (GLY) and aminomethylphosphonic acid (AMPA) by 

nanofiltration membranes, Nature Communications, 17 (2026) 3741 [365]. 

The contribution of authors: 

Phuong B. Trinh: conceptualization; performing experiments; samples analysis; data analysis 

and interpretation; methodology; validation; visualization; writing – original draft 

Minh N. Nguyen: conceptualization; data analysis and interpretation; methodology; supervi-

sion; validation; visualization; writing – review & editing 

Zdenek Futera: performing molecular dynamics simulation, data analysis and interpretation; 

funding acquisition; methodology; validation; visualization; writing – review & editing 

Babak Minofar: performing molecular dynamics simulation, data interpretation; funding acqui-

sition; methodology; validation; writing – review & editing 

Marco Personeni: FTIR measurement and the hydration layer characterization; data analysis; 

formal analysis; investigation; methodology; validation; visualization; writing – review & 

editing 

Poul Petersen: conceptualization; data interpretation; funding acquisition; methodology; 

supervision; validation; writing – review & editing 

Andrea I. Schäfer: conceptualization, funding acquisition; project administration; resources; 

supervision; validation; writing – review & editing 

This chapter aims to investigate the rejection of GLY and AMPA by nanofiltration membranes 

(six membrane types with increasing molecular weight cut-off (MWCO)). The herbicide rejec-

tion is determined by size exclusion, charge exclusion, and dielectric exclusion. The size exclu-

sion is linked to the MWCO of the six membrane types. The charge and dielectric exclusion are 

investigated in a membrane with moderate and loose pore size at varied pH and flux.  

 



Chapter 6. GLY and AMPA rejection by nanofiltration membrane 

94 

 

6.1 Introduction 

PBSAC adsorption and UF–PBSAC dynamic adsorption have shown efficient removal of GLY 

and AMPA in Chapters 4 and 5. What will happen if the NF membrane replaces them? Can the 

GLY and AMPA still be removed effectively? This chapter will focus on NF membrane tech-

nology for GLY and AMPA removal.  

In principle, NF membrane can remove GLY and AMPA, in which sub-nanometer pores reject 

target molecules [225-227]. In previous studies, GLY and AMPA rejection were investigated at 

concentrations higher than environmentally relevant concentrations. A study on environmental-

ly relevant concentrations is still needed.  

As pressure-driven processes, pressure was applied to the membrane, pushing water and 

GLY/AMPA molecules to the membrane surface. The rejection mechanisms of micropollutants 

by NF/RO membranes include (1) size exclusion, (2) Donnan exclusion, and (3) dielectric 

exclusion [228, 229]. The details on transport and removal mechanism of GLY and AMPA in 

NF membrane were discussed in Chapter 2. Based on the rejection mechanism, the parameters 

considered were determined for evaluating NF performance (Figure 6.1). 

 

Figure 6.1: Parameters in consideration for GLY/AMPA rejection by NF 

As the main target is GLY/AMPA, size exclusion is now related to MWCO. Meanwhile, the 

Donnan exclusion (defined by the charge and the Debye length [241, 242]) is related to the 

charge of the membrane and GLY/AMPA, which is affected by water pH [162]. The dielectric 

exclusion, which is strongly related to the hydration layer of solutes [247, 253], can be affected 

by water pH and flux of the filtration process [256, 367].  

This chapter investigates the removal of GLY and AMPA by the NF membrane with the follow-

ing research questions:  

• How much GLY and AMPA can be removed by the NF membrane at environmentally 

relevant concentrations? 

• Which membrane presents strong removal for GLY and AMPA? 

• How does the rejection of the NF membrane vary with pH and flux? 
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6.2 Membrane filtration system and protocol 

The NF filtration was performed in a dead-end stainless steel system produced at KIT [207] 

(Figure 6.2). The filtration system was described in Chapter 5. In summary, in this system, the 

membrane has an internal diameter of 7 cm, an effective filtration area of 38.5 cm2, and an 

internal feed volume of 990 mL.  

 

Figure 6.2: Schematic of the nanofiltration membrane system. 

The filtration protocol described in previous research [354, 363] is summarized in Table 9.8. 

Before the filtration experiments, the membrane was soaked in NaCl 10 mM for 1 hour to 

enhance pore opening and swelling of the active layer (material of polyamide and sulfonated 

polyether sulfone) [368]. After being washed with Milli-Q water, the membrane was pre-

compacted with Milli-Q water at 9.6 bar for 1 hour. Then, the membrane pure water flux (pre-

experiment permeability) was measured with three different pressures (1, 5, and 9.6 bar). After 

the permeability test, the membrane was filtered with GLY/AMPA solution at the target pres-

sure. After the filtration, the pure water flux of the membrane (post-experiment permeability) 

was measured again. The experimental conditions (flux, temperature, conductivity, and pres-

sure) were monitored with a tailored LabView 2014 program.  

Filtration experiments were conducted in different conditions. For each NF experiment, 600 mL 

of GLY/AMPA was filtered under different pH (2, 4, 6, 8, 10, 11, 12) or different flux (25, 35, 

50, 60, 75, and 100 L/m2.h for NF 90, NF 270, and 25, 35, 50, 60, and 75 L/m2.h for HY 50). 

After each experiment, the system was cleaned. 
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6.3 Membrane  

In this chapter, six types of NF membranes were used in this study, including BW 30, NF 90, 

NF 270, HY 70, HY 50, and HY 10. The NF membranes used in this project are listed in Table 

6.1.  

Table 6.1: NF membrane types and properties (MWCO, permeability, pore diameter, and isoelectric point (IEP) [244, 

354, 369, 370]. NF 270 and NF 90 surfaces have a positive net charge at IEP < 4 and a negative net charge 

at pH > 4. The HY membrane surface has a negative net charge at all pH 2−12. 

No Membrane 

type 

Company MWCO 

(Da) 

Permeability 

(L/m2.h.bar) 

Pore diameter 

(nm)[61] 

Zeta 

potential 

pH 8  

Active layer 

materials 

1 BW 30 DuPont, USA 

 

80−120 
a 

4 ± 1 a 0.41–0.51 -40 e Polyamide 

2 FilmTec 

NF 90 

90−180 
b 

8 ± 2 b 0.44–0.63 -49 b Fully aromatic 

polyamide 

3 FilmTec 

NF 270 

150−340 
b 

14 ± 2 a 0.57–0.89 

 

-116 b Semi-aromatic 

piperazine-based 

polyamide 

4 HydraCoRe 

70 (HY 70) 

Nitto – 

Hydranautics, 

USA 

 

600–700 
c 

3.1 ± 0.3 d 1.21–1.31 -33 d Sulfonated 

polyether sulfone 

polymer 

5 HydraCoRe 

50 (HY 50) 

1000–

1500c 

7.8 ± 0.5 d 1.58–1.96 -33 d Sulfonated 

polyether sulfone 

polymer 

6 HydraCoRe 

10 (HY 10) 

3000–

3600 c 

58 ± 8 d 2.83–3.12 -38 d Sulfonated 

polyether sulfone 

polymer 
a Cai et al. [369], b Imbrogno and Schäfer [354], c Nominal value provided by supplier (Nitto – Hydranautics), d 

Boussouga et al., e Idil Mouhoumed et al. [370], f not determined as IEP is below 2. 

6.4 Data analysis 

Removal of GLY and AMPA, flux, and permeability of the membrane were calculated by the 

same equation in Chapter 5. 

Mass balance in filtration 

Specific formulas to determine the mass balance for NF filtration are given as follows. 

All filtration experiments were conducted in a dead-end (flow-through) configuration. There-

fore, the mass adsorbed was calculated for dead-end filtration. In dead-end filtration, 𝑚𝑎𝑑𝑠,𝑡  is 

calculated with the following equation. 

 𝑚𝑎𝑑𝑠,𝑡 = (𝑉𝑓 − 𝑉𝑟,𝑡)𝑐𝑓 − ∑ 𝑉𝑝,𝑡𝑐𝑝,𝑡 
(6.1) 
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where 𝑉𝑓 and 𝑉𝑟,𝑡  are the feed and residual volumes in the feed tank at time 𝑡; 𝑐𝑓  and 𝑐𝑝,𝑡 are the 

feed and permeate (filtrated) concentrations. 

The specific adsorbed mass, or specific mass loss, is equal to the adsorbed mass or mass loss 

divided by the membrane area as follows. 

 𝑞𝑎𝑑𝑠,𝐴,𝑡 =
𝑚𝑎𝑑𝑠,𝑡

𝐴
 

(6.2) 

 

where 𝐴 (cm2) is the effective membrane area, respectively. 

Debye length calculation 

To characterize the electrical double layer of the membrane (as detailed in Chapter 2), the 

Debye length will be calculated. The double layer, which is affected by electrolyte concentra-

tion, will then impact the effective size of membrane pores [241]. The membrane pore is as-

sumed to have a cylindrical structure.  

The thickness of the electrical double layer is characterized by the Debye length (𝜅−1, m) and is 

calculated using equation (6.3) [371]. 

 

𝜅−1 = √
𝜀0 ∙ 𝜀𝜏 ∙ 𝑅 ∙ 𝑇

𝐹2 ∙ ∑ (𝑧𝑖
2 ∙ 𝐶𝑖)𝑖

 

(6.3) 

where 𝜀0: vacuum permittivity (8.854·10–12 C/V.m) [372]; 𝜀𝜏: feed solution relative permittivi-

ty; 𝑅: idea gas constant (8.3143 J/mol.K); 𝑇: feed temperature (K); 𝐹: Faraday constant (96487 

C/mol); 𝑧𝑖: valence of ion (𝑧𝑁𝑎
+ =𝑧𝐶𝑙

– =1); 𝐶𝑖: ion molar concentration (mol/L). 

Feed solution permittivity (𝜀𝜏) (C/V.m) is calculated using the empirical formula [373]. 

 
𝜀𝜏 = 𝜀𝑊(1 − 0.17

𝐶𝑁𝑎𝐶𝑙

mol/L 
) 

(6.4) 

where 𝜀𝑊: relative permittivity of water (78.3 C/V.m at 25 ºC) [374]; 𝐶𝑁𝑎𝐶𝑙: molar concentra-

tion of NaCl in bulk solution (mol/L). 

Dividing 𝜅−1 by the pore radius (𝑟𝑝, m) of the membrane, which is assumed to have a cylindri-

cal structure, the Debye ratio (𝜆) was obtained, which is a key dimensionless parameter for 

indicating the electrostatic effects [375]. The lower the value of 𝜆 is, the less the electrical 

double layer overlaps in the pores; hence, the electrostatic interactions contribute less to the 

rejection [376]. The ratio λ is calculated using equation (6.5) [375]. 

 

 𝜆 =
𝜅−1

𝑟𝑝
 

(6.5) 

where the membrane pore radius (𝑟𝑝, nm) (Table 6.1). 
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Calculation of pore radius 

The membrane pore radius (𝑟𝑝, nm) was calculated using the empirical formula [61], with the 

assumption that the membrane is a porous support of uniformly cylindrical pores. Solute-solute, 

solute-pore interactions, and hydration are not considered in this model. Due to the simplicity 

and the establishment of this model for NF characterization, this model was used for the estima-

tion of pore radius. 

 
𝑟𝑝 = 2.037 ∙ 10–11 ∙ (

MWCO

g/mol
)

0.53

 
(6.6) 

Calculation of real removal by NF membrane 

When GLY/AMPA is transported to the membrane surface, the molecules accumulate in the 

boundary layer of the membrane, forming a concentration polarization layer [377]. Consequent-

ly, the concentration of GLY/AMPA on the membrane surface is different compared to the bulk 

solution. The concentration polarization layer involves (1) the observed retention (𝑅𝑜𝑏𝑠) which 

is the experimental removal and calculated from feed and permeate concentration in equation 

(6.7); (2) the real removal (𝑅𝑟𝑒𝑎𝑙) which is a theoretical removal calculated from the concentra-

tion of GLY/AMPA on the membrane surface (𝑐𝑚) in equation (6.8). 

The observed removal of GLY and AMPA (𝑅𝑜𝑏𝑠, %) is determined by the same equation of 

removal in previous chapters and mentioned again as follows. 

 
𝑅𝑜𝑏𝑠 =  (1 −

𝑐𝑝

𝑐𝑓
) · 100 

(6.7) 

where 𝑐𝑝  and 𝑐𝑓  are the GLY or AMPA concentrations in the permeate and feed (initial), respec-

tively. 

The real removal of GLY and AMPA (𝑅𝑟𝑒𝑎𝑙, %) is determined as follows [378]. 

 𝑅𝑟𝑒𝑎𝑙 =  (1 −
𝑐𝑝

𝑐𝑚
) · 100 

(6.8) 

where 𝑐𝑝  and 𝑐𝑚 are the GLY or AMPA concentrations in the permeate and on the membrane 

surface, respectively. 

Calculation of GLY and AMPA concentration at the NF membrane surface 

The concentration at the membrane surface (𝑐𝑚, ng/L) is calculated as follows. 

 

 𝑐𝑚 = 𝑐𝑏 ((1 − 𝑅𝑜𝑏𝑠) + 𝑅𝑜𝑏𝑠 ∙ 𝑒
𝐽𝑣

𝑘𝑚) 
(6.9) 

where 𝑘𝑚 is the external mass transfer coefficient (m/s). 
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Calculation of external mass transfer coefficient 

The GLY/ AMPA external mass transfer, which is characterized by the external mass transfer 

coefficient 𝑘𝑚, controls the transport of GLY and AMPA from the bulk solution to the mem-

brane surface. It plays an important role in the concentration polarization and rejection of solute 

by NF membranes [377]. The external mass transfer coefficient 𝑘𝑚 can be calculated from 

Sherwood number as represented in (6.10) [379, 380]. 

 

 
𝑆ℎ =

𝑘𝑚 ∙ 𝐷ℎ

𝐷
= 𝑎 ∙ 𝑅𝑒𝑏 ∙ 𝑆𝑐𝑐 

(6.10) 

where 𝐷ℎ is hydraulic diameter (m), 𝐷 is diffusion coefficient (m2 /s), 𝑅𝑒 and 𝑆𝑐 are the dimen-

sionless Reynolds and Schmidt numbers (𝑆𝑐 = 𝜈 𝐷⁄ ), respectively; a, b, c are adjustable dimen-

sionless parameters, which are dependent on system geometry and laminar or turbulent condi-

tions [381].  

For the stirred cell system in this study, 𝑆ℎ and 𝑅𝑒 are calculated using the following equation 

[382, 383]. 

If 𝑅𝑒 < 30000 

(laminar) 

 

𝑆ℎ = 0.285 ∙ 𝑅𝑒0.567 ∙ 𝑆𝑐0.33 (6.11) 

If 32000 < 𝑅𝑒 > 82000 

(turbulent) 

 

 

𝑆ℎ = 0.044 ∙ 𝑅𝑒0.75 ∙ 𝑆𝑐0.33 (6.12) 

 

 𝑅𝑒 =
𝜔 ∙ 𝑟2

𝜈
 

(6.13) 

Estimation of membrane porosity and hydraulic residence time (HRT) 

GLY and AMPA can be adsorbed on the NF membrane active layer, which is dependent on 

membrane materials and HRT [130]. Consequently, the HRT of GLY and AMPA in the mem-

brane active layer was calculated using equation (6.14). 

 
𝑡̅ =

𝑉

𝑄
=

𝑉𝑚 · 𝜀

𝑄
=

𝐴 · 𝛿 · 𝜀

𝑄
=

𝛿 · 𝜀

𝐽𝑣
 

(6.14) 

where 𝜀 is the membrane porosity, 𝑉 is the volume of membrane occupied by feed solution (L), 

𝑉𝑚 =  𝐴 · 𝛿 is membrane active volume (L), 𝐴 is membrane area (m2), 𝛿 is membrane thickness 

(m), and 𝜀 is membrane porosity.  

The NF membrane porosity (𝜀) is calculated according to the Hagen-Poiseuille Law that deter-

mines the water velocity of an incompressible and Newtonian fluid (such as water) through a 

cylindrical pipe in (6.15) [384]. 

 
𝜀 =

8 · 𝜇 · 𝛿 · 𝐽

𝑟𝑝
2 · ∆P

=
32 · 𝜇 · 𝛿 · 𝐽

𝑑𝑝
2 · ∆P

 
(6.15) 
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where 𝜇 is the dynamic viscosity of water (Pa.s), 𝛿 is the membrane thickness (m), 𝑟𝑝 and 𝑑𝑝 

are the radius and diameter of the membrane pore, respectively. Table 6.2 shows the HRT and 

porosity of each NF membrane used in this Chapter. 

Table 6.2: Hydraulic residence time of NF membranes 

Membrane  Active layer 

thickness (nm) 

Membrane 

porosity (%) 

Flux 

(L/m2.h) 

Pressure 

(bar) 

HRT (s) 

BW 30 200–300 [385] 0.4–0.6 30 7.5 0.01–0.02 

NF 90 218–250 [386, 

387] 

0.8–0.9 50 6.3 0.01–0.02 

NF 270 21–40 [228, 386] 0.08–0.1 50 3.4 0.0001–

0.0002 

HY 70 ~300 [388] 0.06 30 9.6 0.002 

HY 50 ~300 [388] 0.08 50 6.4 0.001 

HY 10 ~300 [388] 0.2 50 0.9 0.004 

 

The HRT was in the range of 0.0001–0.02 s, depending on the membrane pore and active layer 

thickness.  

6.5 Removal of GLY and AMPA by NF membranes  

First of all, to evaluate the removal efficiency of GLY and AMPA by NF membranes, the 

filtration of dense NF membranes (BW 30, NF 90, NF 270) and loose NF membranes (HY 70, 

HY 50, HY 10) was performed with a feed concentration of 1000 ng/L that was relevant in 

German surface waters [98]. The permeate concentration is shown in Figure 6.3 (BW 30, NF 

90, NF 270) and Figure 6.4 (HY 70, HY 50, HY 10) with the permeate volume.  

 

Figure 6.3. GLY/AMPA permeate concentration as a function of permeate volume with removal by BW 30 (A), NF 

90 (B), NF 270 (C), (flux 50 L/m2.h, initial GLY/AMPA concentration 1000 ng/L (each, mixed), 

1mM NaHCO3, 10 mM NaCl, pH 8.1 ± 0.1, 20 ºC). Flux for BW 30 was 30 L/m2.h instead of 50 

L/m2.h because the maximum pressure was reached. Adapted from [365]. 

For dense membranes (BW 30, NF 90, NF 270) with a MWCO of 80–340 Da, the permeate 

concentration increased slightly from 70 ± 10 ng/L at a permeate volume of 20 mL to 120 ± 20 

ng/L at a permeate volume of 600 mL. The rejection of GLY and AMPA was due to both ad-
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sorption and steric exclusion [389]. The permeate concentration was still higher than the EU 

guidelines for herbicides in water (100 ng/L) [12, 13].  

 

Figure 6.4. GLY/AMPA permeate concentration as a function of permeate volume with removal by HY 70 (A), HY 

50 (B), and HY 10 (C) (flux 50 L/m2.h, initial GLY/AMPA concentration 1000 ng/L (each, mixed), 

1mM NaHCO3, 10 mM NaCl, pH 8.1 ± 0.1, 20 ºC). Flux for HY 70 was 30 L/m2.h instead of 50 

L/m2.h because the maximum pressure was reached. Adapted from [365]. 

For loose membrane (HY 70, HY 50, HY 10), GLY permeate concentrations were low for HY 

70 and HY 50 at the concentration of 100 ± 16 ng/L and 196 ± 25 ng/L, respectively (Figure 6.4 

A, B). The permeate concentration of GLY was the highest with the most open membrane (HY 

10), at 351 ± 33 ng/L, due to the large pore diameter (2.83 nm [61]). The permeate concentra-

tion of GLY was lower than that of AMPA, indicating better rejection, which may be due to the 

smaller diameter of GLY (0.62 nm [61]) than AMPA (0.49 nm [61]). The permeate concentra-

tion of AMPA was higher for loose membranes than for dense membranes. The increase in the 

concentration was also more significant in loose membranes. The permeate concentration of 

AMPA increased from 60 ± 25 to 382 ± 55 ng/L for HY 70, from 100 ± 26 to 731 ± 75 ng/L for 

HY 50, and from 392 ± 36 to 964 ± 94 ng/L for HY 10. The AMPA permeate concentration of 

HY 50 and HY 10 in the first 20 mL was low due to adsorption onto the membrane active layer 

(sulfonated polyether sulfone) [390]. 

Therefore, the removal of GLY/AMPA by the NF membrane was initially due to adsorption and 

size exclusion, then decreased as diffusion increased. Further investigation on the size exclusion 

and adsorption of GLY and AMPA will be carried out as a function of MWCO. 

6.6 Retention and adsorption of GLY and AMPA by 
size exclusion 

To determine the contribution of size exclusion and adsorption to GLY/AMPA rejection, filtra-

tion of GLY and AMPA at pH 8 was performed with six different membranes: BW 30, NF 90, 

and NF 270 (active layer material of polyamide), HY 70, HY 50, and HY 10 (active layer 

material of polyether sulfone). The removal and mass adsorbed are shown in Figure 6.5. 
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Figure 6.5. GLY/AMPA removal (A) and mass adsorbed (B) as a function of membrane MWCO (flux 50 L/m2.h, 

initial GLY/AMPA concentration 1 µg/L, 1mM NaHCO3, 10 mM NaCl, 20 °C, pH 8.1 ± 0.1). Flux 

for BW 30 and HY 70 was 30 L/m2.h instead of 50 L/m2.h because the maximum pressure was 

reached. Adapted from [365]. 

From the pore sizes of the membrane (Table 6.1), it was expected that the BW 30 and NF 90 

membranes could completely remove GLY and NF 270 could partially remove GLY, as the 

membrane pore sizes are smaller or in the same range as the diameter of GLY (0.62 nm [61]). 

AMPA (0.49 nm [61]) was expected to be highly removed by the three dense membranes due to 

the small membrane pore size. The filtration experiments showed that the membrane with 

MWCO < 200 Da [354, 369], which are BW 30, NF 90, NF 270, could remove 85–88% GLY 

and AMPA (Figure 6.5 A). The removal of the dense membrane was due to the adsorption and 

size exclusion, as discussed in the breakthrough of NF (Figure 6.6). However, the incomplete 

removal was because of the non-uniform pore size distribution [234, 235].  

 

Figure 6.6. GLY/AMPA rejection by NF membrane via size exclusion.  

Additionally, molecular shape and orientation affect transport through membrane pores [236]. 

Together with continuous adsorption-desorption and diffusion of GLY and AMPA into the 

membrane pores, this allowed the molecules to pass through the membrane [391]. The loose 

membranes with MWCO > 200 Da (HY 70, HY 50, and HY 10) were expected not to remove 
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GLY and AMPA due to size exclusion, as the pore diameters are large (0.67–2.83 nm [61]). In 

the filtration experiment, HY membranes can remove GLY and AMPA to a low extent. The 

removal decreased from 87 to 64% (GLY) and from 87 to 3% (AMPA) with the increase of 

MWCO. The partial removal of GLY and AMPA by HY membranes was due to another mech-

anism. 

GLY mass adsorbed was 2–2.5 ± 1 ng/cm2 while the AMPA mass adsorbed was 0.5–0.8 ± 0.2 

ng/cm2 on polyamide membrane (BW 30, NF 90, NF 270) (Figure 6.5 B). GLY and AMPA can 

be weakly adsorbed onto polyamide via hydrogen bonding, van der Waals interactions, and 

electrostatic interactions with membrane surface functional groups, such as amine groups [130, 

387, 392]. These interactions can be desorbed during filtration, leading to the diffusion of 

GLY/AMPA into the permeate. On the other hand, sulfonated polyether sulfone (a hydrophobic 

material) has low adsorption affinity for hydrophilic compounds such as GLY and AMPA [387, 

393]. This was proven by the mass adsorbed of GLY and AMPA by HY membrane, which were 

(< 0.4 ng/cm2 for GLY, and < 0.1 ng/cm2 for AMPA).  

Next, the role of charge and dielectric exclusion will be evaluated; BW 30 (dominated by size 

exclusion) will be excluded. 

6.7 Charge and dielectric exclusion of GLY and AMPA 
with NF membrane  

The membrane double layer was studied by the Debye length and charge at the pore center. 

Debye length (𝜅−1) and Debye ratio (𝜆) is reported as a function of MWCO of the membranes 

(Figure 6.7). If the diameter of GLY/AMPA is larger than the Debye length, Donnan exclusion 

can be a relevant mechanism, although the strength of electrostatic interactions will depend on 

the electrostatic potential in the pore space.  

 

Figure 6.7. Membrane pore diameter (A) and Debye ratio (𝜆) (B) for NF membranes as a function of MWCO (𝜅−1 = 

3 nm at 𝐶𝑁𝑎𝐶𝑙 = 10 mM and 20 °C). Adapted from [365]. 
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The Debye length 𝜅−1 was 3 nm, which is larger than the pore dimensions of all membranes 

(0.41–2.83 nm [61], Figure 6.7 A). The Debye ratio (𝜆) decreased from 12.8 to 2.1 with the 

increase of MWCO from 100 to 3000 Da (Figure 6.7 B). From the Debye length, it was ex-

pected that GLY and AMPA always have electrostatic interactions with all membranes at dif-

ferent pH (Figure 6.8). At the dense membrane (BW 30, NF 90, NF 270), the ratio between 

Debye length and pore radius is higher than that in the loose membrane (HY 70, HY 50, HY 

10). Overall, the pore size is smaller than the Debye length, in which the GLY and AMPA 

molecules might encounter the electrostatic resistance in all membranes [246]. 

 

Figure 6.8. Debye length at different membrane pore sizes  

The potential at the membrane surface and at the pore center was calculated based on the zeta 

potential of the NF membrane, the Debye length, and the average pore radius (Figure 6.9). The 

zeta potential of the NF membrane was provided by Y.B. in the study of Boussouga et al. [244]. 

 

Figure 6.9: (A) Zeta potential at membrane surface, adapted from [244]; (B) Zeta potential at pore center of NF 

membranes at pH 8. Calculated by M.N. Adapted from [365]. 

The zeta potential of NF membranes was below 0 mV, −35 mV for BW30, –40 mV for NF 90, 

and −95 mV for NF 270, which represents the membrane functional groups (carboxyl and 

amine) [394]. BW 30, NF 90, and NF 270 are more negatively charged than the HY 70, HY 50, 
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and HY 10 membranes, indicating more charge interactions with the GLY/AMPA molecules 

(Figure 6.9). The zeta potential of HY membranes was higher than −20 mV. HY 70 and HY 10 

membranes, which have characteristics similar to those of HY 50, will be omitted. NF90, 

NF270, and HY50 membranes were selected for evaluating charge and dielectric exclusion at 

different pH (Figure 6.10). 

 

Figure 6.10. Removal as a function of pH with GLY/AMPA removal by NF 90, NF 270, and HY 50 (flux 50 L/m2.h, 

initial GLY/AMPA concentration 1 µg/L, 1mM NaHCO3, 10 mM NaCl, 20 oC). Adapted from [365]. 

The removal of GLY was 50–90 ± 5% while the removal of AMPA was 9–62 ± 12% at pH 2 

(Figure 6.10). At this pH, the charges of GLY and AMPA are 0, and the zeta potential at the 

pore center of NF 90 and NF 270 are positive (8–9 mV), and the charge of HY 50 is negative 

(−15 mV). Due to the neutral charges of GLY and AMPA, less contribution of charge exclusion 

was expected. Therefore, the contribution of dielectric exclusion was observed in HY 50, where 

membrane pores are bigger than GLY/AMPA molecular diameters, and the adsorption was low.  

At pH > 2, the removal of GLY and AMPA could be a combination of all removal mechanisms: 

size exclusion (in the case of NF 90), charge exclusion, and dielectric exclusion. GLY and 

AMPA removal by NF 90 remained at 90 ± 5 % at all pH. For NF 270, GLY removal increased 

from 84 ± 3 to 94 ± 5 %, and AMPA removal increased from 71 ± 6 to 92 ± 5 % with the in-

crease of pH from 4 to 12.  GLY removal of HY 50 increased from 84 ± 3 to 94 ± 5 %, and 

AMPA removal increased from 12 ± 5 to 83 ± 11 % with the increase of pH from 4 to 12. The 

significant improvement in GLY and AMPA removal by the HY 50 membrane could be due to 

stronger electrostatic repulsion and/or a denser hydration layer (Figure 6.11). In detail, the 

charge on GLY/AMPA and the membrane becomes more negative with increasing pH, indicat-

ing stronger electrostatic repulsion between GLY/AMPA and the membrane surface. The other 

reason might be the denser hydration layer at higher pH, which contributes to stronger dielectric 

exclusion of the membrane, as shown by FTIR hydration characterization and molecular dy-

namics simulation [365]. The diameter of GLY and AMPA hydration layer (including 

GLY/AMPA molecules) was estimated to be ~1.6 nm, depending on pH [365], indicating a 

strong contribution of the hydration layer to the transport of GLY and AMPA in NF mem-

branes.  
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Figure 6.11. Membrane charge and hydration layer of GLY and AMPA change with different water pH  

Removal of GLY was always higher than that of AMPA for all pH, which is due to the higher 

negative charge of GLY than AMPA at the same pH, enhancing charge exclusion. Moreover, 

the larger size and more negative charge of GLY also contribute to a stronger hydration layer 

with more functional groups and a more negative charge than AMPA [365].  

6.8 Removal of GLY and AMPA at different flux  

Following the discussion on the hydration layer in the previous section, to enter the membrane 

pores, GLY and AMPA must overcome an energy barrier and become dehydrated. In NF mem-

branes, it was expected that the hydration layer would be shredded more at high pressures, 

leading to lower dielectric exclusion and lower removal of GLY and AMPA. To confirm this 

hypothesis, the filtration at varying flux with NF membranes was conducted (25, 35, 50, 60, 75, 

and 100 L/m2.h for NF 90, NF 270, and 25, 35, 50, 60, and 75 L/m2.h for HY 50 due to the 

maximum system pressure being reached), and the removal was shown in Figure 6.12.  

 

Figure 6.12. Removal as a function of flux with GLY/AMPA removal by NF 90 (A), NF 270 (B), HY50 (C) mem-

brane (initial GLY/AMPA concentration 1 µg/L, 1mM NaHCO3, 10 mM NaCl, pH 8, 20 oC). 

Adapted from [365]. 

The removal of GLY and AMPA by NF 90 and NF 270 remained at 80–90 % with increasing 

flux from 25 to 100 L/m2.h. The constant removal was due to the strong charge and dielectric 
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exclusion of these two membranes (in the NF 90 case, size exclusion also contributed). Hence, 

no clear change in dielectric exclusion by flux could be observed. Meanwhile, a significant 

decrease in removal was observed in HY 50 with increasing flux. The removal decreased from 

86 ± 3 to 28 ± 8% for GLY, and from 27 ± 11 to 7 ± 5 % for AMPA (Figure 6.12 C). The 

possible phenomena that can happen in this process include (1) concentration polarization on 

the membrane surface, and (2) dehydration of GLY and AMPA.  

To evaluate the contribution of concentration polarization to the rejection of GLY and AMPA, 

the permeate concentration, the concentration of GLY/AMPA on the membrane surface, and the 

real removal of the membrane were evaluated on NF 90, NF 270, and HY 50 membranes 

(Figure 6.13). 

 

Figure 6.13: Concentration of permeate and on membrane surface, and real removal as a function of flux with 

GLY/AMPA removal by NF 90, NF 270, HY50 membrane (initial GLY/AMPA concentration 1 

µg/L, 1mM NaHCO3, 10 mM NaCl, pH 8, 20 oC). 

At higher flux corresponding to lower HRT, 𝑐𝑚 was higher for NF 90 and NF 270 than HY 50, 

indicating the more important role of concentration polarization on the dense membrane than 

the loose membrane.  

In the dense membrane (NF 90, NF 270), the permeate concentration was low at 95–130 ± 10 

ng/L for NF 90 and at 130–190 ± 15 ng/L for NF 270 (Figure 6.13). Meanwhile, concentration 

at the membrane surface increased from 1600 to 20000 ng/L for NF 90 and from 4000 to 20000 

ng/L for NF 270 (Figure 6.13 D, E), with the real removal of the dense membrane at 92–98% 
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for dense membrane. This phenomenon indicates that the high removal of NF 90 and NF 270 

was significantly contributed to by concentration polarization (besides Donnan exclusion) 

(Figure 6.14).  

With the loose membrane (HY 50), the permeate concentration increased from 140 ± 12 ng/L to 

715 ± 65 ng/L for GLY and from 727 ± 65 ng/L to 922 ± 90 ng/L for AMPA. The concentration 

at the membrane surface increased from 1470 ng/L to 7867 ng/L for GLY, and from 1515 ng/L 

to 3767 ng/L for AMPA when flux increased from 25 to 50 L/m2.h. At higher flux, the concen-

tration at the membrane surface decreased to 4088 ng/L and 2677 ng/L for GLY and AMPA, 

respectively. This result indicates that the increase in GLY and AMPA removal by HY 50 

membrane at flux lower than 50 L/m2.h was controlled by concentration polarization (in addi-

tion to Donnan exclusion). At low flux (25 L/m2.h), less GLY and AMPA accumulate on the 

membrane surface, leading to a lower concentration of GLY/AMPA on the membrane surface. 

On the other hand, more GLY and AMPA accumulate on the membrane surface at higher flux 

(50 L/m2.h), more GLY/AMPA pass through the membrane, leading to higher permeate concen-

tration.  

 

Figure 6.14. Concentration polarization boundary layer on NF membrane at low and high flux  

However, at higher flux (> 50 L/m2.h), the rejection is attributed to dielectric exclusion and the 

increased hydration shell shredding, where insignificant variation of GLY/AMPA concentration 

on the membrane surface was observed. In fact, the hypothesis on the shredding of the hydration 

layer could be reasonable. At higher flux, GLY and AMPA would receive more energy to shred 

the hydration layer and undergo dehydration to enter the membrane pores, resulting in lower 

removal. This is a confirmation of the hypothesis on the hydration layer and dielectric exclusion 

affected by flux/ pressure that was expected at first. Higher pressure (higher flux) applied to the 

membrane provides GLY/AMPA kinetic energy to overcome the energy barrier; hence, the 

hydration layer will be shredded [395-397]. The same phenomenon was also reported in compu-

tational [405, 408] and experimental studies on ions [396, 398]. The removal of GLY decreased 

more strongly than AMPA, which was due to the higher charge of GLY than AMPA. With the 

smaller size and lower negative charge, AMPA does not need higher energy to pass through 

membrane pores. Nevertheless, molecules with high charge density and bigger size, such as 

GLY, need more energy to shed the hydration shell [399, 400]. Previous studies on ion rejection 

also found that the rejection of strongly hydrated ions (F– and Cl–) became more selective than 

that of weakly hydrated ions (Br–) with changes in applied pressure [401]. 
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Figure 6.15. GLY/AMPA rejection by NF membrane via dielectric exclusion 

During the transport of GLY and AMPA on and in the NF membrane, GLY and AMPA can be 

adsorbed on the NF membrane active layer, which is dependent on membrane materials and 

HRT [130]. To evaluate the adsorption of GLY and AMPA on the NF membrane, the mass 

adsorbed of GLY/AMPA on the membrane at different fluxes was evaluated in Figure 6.16. 

 

Figure 6.16: GLY/AMPA mass adsorbed on membrane as a function of flux with GLY/AMPA removal by NF 90, 

NF 270, HY50 membrane (initial GLY/AMPA concentration 1 µg/L, 1mM NaHCO3, 10 mM NaCl, 

pH 8, 20 oC). Adapted from [365]. 

In the dense membrane, the mass adsorbed was significant at the lowest flux (25 L/m2.h, HRT 

0.03 s), where mass adsorbed on NF 90 was 4 ± 1 ng/cm2 and 3.6 ± 1 ng/cm2 for GLY and 

AMPA, respectively. The mass adsorbed then decreased to 1.6 ± 0.2 ng/cm2 and 1.1 ± 0.2 

ng/cm2 for GLY and AMPA, respectively, at the highest flux 100 L/m2.h (HRT 0.006 s). NF 

270 could also adsorb 3 ± 1 ng/cm2 and 1.4 ± 1 ng/cm2 for GLY and AMPA, respectively, at the 

flux 25 L/m2.h (HRT 0.00002 s). The mass adsorbed decreased by 70% with the increase of flux 

and reached 1.2 ± 0.2 ng/cm2 and 0.3 ± 0.1 ng/cm2 for GLY and AMPA, respectively, at the flux 

of 100 L/m2.h (6 · 10–5 s), indicating the role of HRT in the adsorption of the membrane. At the 

lower pressure, GLY and AMPA were filtered through the membrane more slowly, creating 

more HRT for the adsorption onto the membrane surface materials. The major role of HRT on 

GLY/AMPA adsorption on the membrane was different from the previous paper, which con-

cluded that HRT did not contribute significantly to the adsorption of 17β-Estradiol on NF 90 

and NF 270 membranes [363]. The results showed that the concentration on the membrane 
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surface and HRT controlled the transport of GLY and AMPA in dense membranes with the 

active layer made of polyamide (NF 90, NF 270).  

With the loose membrane (HY 50), the adsorbed mass of HY 50 was insignificant, decreasing 

from 0.4 ± 0.5 ng/cm2 to ~ 0 ng/cm2 with the increase of flux from 25 L/m2.h (HRT 0.004 s) to 

75 L/m2.h (HRT 0.001 s) due to the low adsorption capability of HY 50 membrane material 

(sulfonated polyether sulfone polymer) [393]. The low adsorption on the membrane indicates 

that the adsorption was not governed by the HRT.  

Overall, the transport of GLY and AMPA by membranes with the smaller pore size (NF 90, NF 

270) was governed by the interplay of concentration polarization, while the hydration layer 

plays an important role in membranes with the bigger pore size (HY 50).  

6.9 Conclusions 

This chapter evaluated the removal of GLY and AMPA by the NF membrane. The rejection 

efficiency and transport of GLY and AMPA in NF membranes were evaluated using six mem-

branes (BW 30, NF 90, NF 270, HY 70, HY 50, HY 10) covering a range of MWCOs from 80 

Da to 3000 Da. The following points are obtained from this investigation.  

• The rejection of GLY and AMPA was incomplete even at the membrane with the small-

est MWCO, posing a challenge for removing GLY/AMPA. 

• Size exclusion was dominant in the filtration of the membrane at low MWCO (< 150 Da), 

with 90% GLY/AMPA removed. Donnan exclusion and dielectric exclusion are more 

dominant for membranes with MWCO > 200 Da. The Debye length and pore radius of 

the membrane showed that Donnan exclusion would always happen with all membrane 

pore sizes. 

• Concentration polarization strongly contributes to the rejection of GLY/AMPA at the 

membrane with the low MWCO. Meanwhile, more flux applied on the membrane with 

the bigger pore size can give more energy for dehydration, letting GLY and AMPA pass 

through the membrane pore.  

NF membrane can partially remove GLY and AMPA; however, the removal was incomplete, 

making the final permeate concentration higher than the EU guidelines for herbicides. Addition-

ally, this system requires concentrate treatment and high pressure for operation, implying higher 

energy (which will be discussed in Chapter 8). 

At this point, the chosen technologies include adsorption by PBSAC, hybrid membrane–

adsorption system UF–PBSAC, and NF membrane filtration. While PBSAC is in static adsorp-

tion, UF–PBSAC can effectively remove GLY and AMPA, but at low flux, and NF can partially 

remove these herbicides. Another option for removing micropollutants is the photodegradation 

membrane, which will be investigated in the next chapter. 
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7 Photodegradation of GLY and 
AMPA using PVDF-TiO2 
membrane 

This chapter is adapted from a publication in Advanced Functional Materials entitled: P.B. 

Trinh, S. Liu, N.F. Himma, B. Fiser, A.I. Schäfer, Continuous-flow photocatalytic degradation 

of glyphosate and aminomethylphosphonic acid under simulated sunlight with TiO2-coated 

poly(vinylidene fluoride) membrane, Advanced Functional Materials, 36, no. 21 (2026) e11431 

[402]. 

The contribution of authors: 

Phuong B. Trinh: conceptualization; performing experiments; samples analysis; data analysis 

and interpretation; methodology; validation; visualization; writing – original draft 

Siqi Liu: conceptualization; data interpretation; methodology; supervision; validation; visuali-

zation; writing – review & editing 

Nurul F. Himma: performing experiments; sample preparation; data analysis; visualization 

Béla Fiser: data curation; formal analysis; funding acquisition; investigation; methodology; 

validation; visualization; writing – review & editing 

Andrea I. Schäfer: conceptualization, funding acquisition; project administration; resources; 

supervision; validation; writing – review & editing 

This chapter aims to investigate the GLY and AMPA removal by photocatalysis on MF mem-

brane. The limiting factors to the degradation are evaluated to optimize the filtration system. 

The varied parameters include flux, light intensity, water quality (GLY and AMPA concentra-

tion, pH). The predominant reactive oxygen content and the degradation pathway was investi-

gated. 
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7.1 Introduction  

In previous work, photocatalysis using TiO2 in batch can degrade 65% to >90% of GLY at an 

initial concentration of 25 mg/L [189]. However, catalyst recovery, mass transfer of reac-

tants/ROS, and reduced illumination due to agglomeration and turbidity of photocatalyst nano-

particles are problems in conventional suspension photocatalysis systems [273, 274]. The need 

for photocatalyst recovery and the potential for catalyst agglomeration in suspended systems 

can be reduced by using a photocatalytic membrane reactor, a hybrid technique that combines 

membrane filtration with photocatalysis in a single unit [275-277]. Moreover, the membrane 

offers a high surface-to-volume ratio and a long contact time for the degradation of GLY and 

AMPA [279, 280]. TiO2 has been integrated into a poly(vinylidene fluoride) (PVDF) membrane 

to enhance the removal of steroid hormones [355] with the removal > 90%. With this vision, the 

PVDF-TiO2 membrane is expected to degrade GLY and AMPA in water effectively.  

Studies on TiO2-based photocatalysis for GLY degradation are frequently conducted under 

UVA irradiation [190, 191, 403], which has the maximum absorption wavelength λmax around 

400 nm [404]. This is because TiO2 has a wide band gap (3.0–3.2 eV [405]) and a rapid charge 

recombination of the electron-hole pairs, which reduces photocatalytic efficiency under visible 

light [406, 407]. However, there has been a lot of study on developing photocatalysis technolo-

gies that are powered by abundant solar energy due to the increasing need to minimize carbon 

emissions from fossil fuel-based electricity generation [408, 409]. Even though the UV spec-

trum accounts for just 5% of the solar radiation that reaches the Earth's surface [420, 421], TiO2 

photocatalysis is nevertheless effective in the presence of sunlight and can break down contami-

nants in water [410, 411]. Carbon-doped TiO2/ clinoptilolite nanocomposite was investigated 

for GLY photodegradation under visible light in batch [412]. The results showed that 84% of 

GLY could be degraded from an initial concentration of 30 mg/L, and AMPA was identified as 

a degradation product [412]. Therefore, GLY and AMPA photodegradation by TiO2 could be 

investigated under solar light at environmentally relevant conditions.  

This study investigates the removal of GLY and AMPA from water at environmentally relevant 

concentrations using a photocatalytic membrane in a flow-through configuration. The following 

research questions were addressed. 

• How much GLY and AMPA are photodegraded by PVDF-TiO2 membrane under simu-

lated sunlight compared to UV light? 

• What are the limiting factors in the continuous photocatalytic degradation under simulat-

ed sunlight? 

• What is the degradation mechanism and optimization performance of the PVDF-TiO2 

membrane? 



 

113 

7.2 Photocatalytic membrane filtration system and 
filtration protocol 

The membrane photocatalysis experiments were conducted using a custom-built micro cross-

flow system (Figure 7.1). Further details of this setup and its comprehensive hydrodynamic 

characterization have been reported in previous work [354, 413].  

 

Figure 7.1: Schematic illustration of the membrane photocatalysis set-up and the photograph (inset) of photocatalytic 

membrane cell with dead-end configuration (retentate valve closed). The system is equipped with pres-

sure P, temperature T, conductivity σ, pH, and dissolved oxygen O2 sensors.  

The membrane cell consists of a stainless steel module (or microreactor) with an active mem-

brane area of 2 cm2, a channel height of 0.7 mm, and a quartz window (active illumination area: 

2 cm2; Zell Quarzglas, Germany). A high-pressure pump (Pump 80P, pump head 500 mL SST, 

KNAUER Wissenschaftliche Geräte GmbH, Germany) was used. A UV LED (M365LP1, peak 

wavelength: 365 nm, Thorlabs, USA) with an LED driver (DC2200, Thorlabs) served as the UV 

light source, as described in a previous study [413]. A solar simulator (SINUS-70, wavelength 

range: 350—1150 nm, WAVELABS Solar Metrology Systems GmbH, Germany) provided a 

broad range of light wavelengths (Figure 7.2). The system was equipped with the feed pressure 

sensors (WIKA S-10, 0–1 bar; WIKA A-10, 0–40 bar, Germany), a permeate pressure sensor 

(WIKA S-10, 0–1 bar, Germany), and a permeate in-line conductivity sensor (ET131, eDAQ, 

Australia). A water chiller (Minichiller 300 OLÉ, Peter Huber Kältemaschinenbau, Germany) 

was used to control and maintain the feed temperature, while a 16-port switching valve (Azura 

V2.1S, Knauer) was used to automatically collect multiple samples. The system was connected 

to a computer running LabVIEW software (Version 14.0.1, National Instruments, Germany) for 

automated control of the switching valve, feed flow rate, time, and light intensity for the UV 

LED. The solar simulator was controlled by SinusGUI v2.5 (Wavelabs, USA). Experimental 
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parameters, including pressure, temperature, conductivity, and permeate mass, were monitored 

via a data acquisition card (USB-6000, National Instruments, USA). 

The filtration protocol is summarized in Table 9.10. In short, the membrane was placed on the 

bottom of the membrane cell. After pre-condition and pure water flux, the solar simulator was 

prepared and calibrated (Figure 7.2). Then, the filtration starts in the dark phase for the first 100 

mL to achieve the adsorption equilibrium. After the dark phase, the light (UV, solar simulator) 

was turned on for the photodegradation at the same flow rate. After the filtration experiment, the 

pure water flux was measured again. 

The solar simulator can generate a spectrum that is almost identical to the spectrum of sunlight 

(Figure 7.2) (Installation and Operating Manual, SINUS-70, WAVELABS Solar Metrology 

Systems GmbH, Germany). 21 LED channels in the light engine cover specific wavelength 

ranges (from a peak wavelength of 372 nm to 1200 nm). The global standard solar spectrum (air 

mass 1.5 global, AM1.5g [414]) is used with the spectral range from 350 nm to 1150 nm. 

 

Figure 7.2: (A) The spectrum generated by the solar simulator (SINUS-70, WAVELABS) at an intensity of 100% 

compared to the standard solar spectrum (AM1.5g [414]), and the absorbance spectrum of PVDF-

TiO2 membrane, showing at what wavelength range the solar light could be absorbed. (B) Total irra-

diance and UV fraction (300–400 nm) irradiance at different intensities of solar simulator. Adapted 

from Lyubimenko et al. [415].   

Figure 7.2 shows the comparison between the standard solar spectrum, the spectrum generated 

by the solar simulator, and the absorbance spectrum of the membrane used. By integrating the 

solar irradiance in the wavelength range < 400 nm, UV irradiance accounts for 4.2% of the 

simulated solar irradiance. Hence, the solar irradiance at 50 mW/cm2 is equivalent to UV irradi-

ance at 2.1 mW/cm2, and values were chosen accordingly for experiments. 

The calibration of the UV-LED lamp is shown in Figure 7.3. 
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Figure 7.3. Calibration of the UV-LED lamp  

A UV LED (M365LP1, peak wavelength: 365 nm, Thorlabs, USA) with an LED driver 

(DC2200, Thorlabs) served as the UV light source, as described in the previous study [413]. 

7.3 Photocatalytic membrane 

The photocatalytic membrane was a PVDF-TiO2 membrane prepared and supplied by the Insti-

tute of Surface Engineering (IOM), Leipzig; the preparation method and membrane characteris-

tics were previously described by Fischer et al. [413, 416]. In brief, the TiO2 nanoparticle (NPs) 

suspension was prepared by mixing 4 mL of titanium (IV) isopropoxide (TTIP) with 80 mL of 

0.1 M HCl and stirring for 15 minutes at room temperature. The mixture solution was then 

heated in a pressure vessel at 210 °C for 20 hours, cooled, and subsequently dispersed using an 

ultrasonic probe for 90 seconds at 40 W (Sonoplus, HD2200 Generator, KE76 probe, BANDE-

LIN electronic GmbH & Co. KG, Berlin, Germany). A standard PVDF membrane (0.22 μm, 

Millipore, USA) (90 mm × 90 mm) was then placed (with the active layer facing downwards) 

into the suspension and shaken for 5 min. The membrane was subsequently washed with Milli-

Q water and dried at 100 °C for 30 min. The PVDF-TiO2 membrane contained 5.2 ± 0.2 % TiO2 

on the membrane surface with the pore size of 0.22 μm [413] with the membrane thickness of 

1.25·10-4 m, porosity of 0.6 [417].  

7.4 Data analysis 

Removal of GLY and AMPA, flux, and permeability of the membrane were calculated by the 

same equation in Chapter 5. 

Rate of disappearance 

The rate of disappearance (−𝑟𝑖
′′, mol/m2.s) in the photocatalytic membrane system is deter-

mined in equation (7.1). 
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−𝑟𝑖

′′ = −
1

𝐴

𝑑𝑁𝑖

𝑑𝑡
=

1

𝐴

𝑄

3600

(𝑐𝑖,𝑓 − 𝑐𝑖,𝑝)

106 · 𝑀𝑖
 

(7.1) 

where 𝑁𝑖  is moles GLY and AMPA reacted and 𝑀𝑖 is the molecular weight of GLY or AMPA 

(169.07 g/mol for GLY and 111.04 g/mol for AMPA). 

Hydraulic residence time 

The degradation of GLY and AMPA is dependent on HRT. HRT and molar flux were calculat-

ed at different fluxes (Figure 7.4) and were calculated with the following equation. 

 
𝑡𝑅 =

𝑉𝑝

𝑄𝑓
=

ℎ𝑚𝜀

𝐽𝑤
 

(7.2) 

where pore volume 𝑉𝑝 = 𝐴ℎ𝑚𝜀 (L), 𝑄𝑓 is the feed flow rate (L/h), 𝐽𝑤 is the water flux 

(m3/m2.h), 𝐴 is effective membrane area (2 · 10–4 m2), ℎ𝑚 is the membrane thickness (1.25 · 10–

4 m), 𝜀 is membrane porosity (60%) [417].  

 

Figure 7.4: Hydraulic residence time (s) (A) and molar flux of GLY/AMPA (B) on PVDF-TiO2 membrane. Adapted 

from [402]. 

The hydraulic residence time decreased from 4.5 to 0.09 s when the flux increased from 60 to 

3000 L/m2.h. The molar flux increased from 1010 to 49 · 1010 mol/m2.s for GLY and from 1010 to 

75 · 1010 mol/m2.s for AMPA.  

7.5 Reactive oxygen species identification 

Different scavengers, including iso-propanol (IPA, > 99.8%, HPLC grade, VWR, Germany), p-

benzoquinone (p-BQ, > 98%, Thermo Scientific Chemicals, Germany), furfruyl alcohol (FFA, 

98%, Thermo Scientific Chemicals, Germany), and sodium oxalate (SO, 99%, Thermo Scien-

tific Chemicals, Germany) were selected to identify the contributions of •OH, •O2
-, 1O2, and 

ℎ𝑉𝐵
+ , respectively. The used scavengers were: isopropanol (IPA, > 99.8%, HPLC grade, VWR, 
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Germany) – for hydroxyl radical (•OH); p-Benzoquinone (p-BQ, > 98%) – for superoxide 

radicals (•O₂⁻); furfuryl alcohol (FFA, 98%) – for singlet oxygen (¹O₂); sodium oxalate (SO, 

99%) for valence band holes (ℎ𝑉𝐵
+ ), all from Thermo Scientific Chemicals, Germany (Table 

7.1). 

Table 7.1: Kinetic rate between scavenger and target radicals in water. 

Scavenger Target radicals References 

Ethanol (EtOH) •OH / •SO4
- [418] 

Methanol (MeOH) •OH / •SO4
- [418] 

Iso-propanol (IPA) •OH / •O2
- / •SO4

- [419, 420] 

HCO3
- 𝑒𝐶𝐵

−  / •OH / •SO4
- [418, 421, 422] 

p-benzoquinone (BQ) •O2
- / •OH [423, 424] 

Furfruyl alcohol (FFA) 1O2 / •OH [418, 425] 

Sodium oxalate (SO)  ℎ𝑉𝐵
+  [426] 

 

To evaluate the photocatalytic degradation performance, the removal of GLY and AMPA was 

examined under both UV and solar light. The limiting factors affecting photodegradation were 

then systematically investigated. The photodegradation pathway was analyzed using the 

G3MP2B3 composite computational chemistry method, which was employed to determine all 

unique BDE values (by Bela Fiser at the University of Lodz). Finally, an optimized experiment 

was conducted where limiting factors were reduced to determine whether GLY and AMPA 

removal is able to meet EU regulatory requirements in principle. The standard experimental 

conditions are shown in Table S3, and the operating parameters are presented in Figures S9 to 

S20. 

Both UV and solar light were used to study the photodegradation of GLY and AMPA. Then, a 

thorough investigation into the limiting factors influencing photodegradation was conducted. 

The G3MP2B3 composite computational chemistry approach was used to analyze the photodeg-

radation pathway and identify each unique BDE value. To determine whether the removal of 

GLY and AMPA meets EU herbicide guidelines, an experiment was conducted at optimized 

conditions, reducing limiting variables. 

7.6 Photocatalytic degradation with simulated solar 
light and UV light  

To evaluate the removal of GLY and AMPA by PVDF-TiO2 membrane, the photolysis and 

photocatalysis were investigated under simulated solar light (350—1150 nm, 50 mW/cm2) and 

UV light (365 nm, 2.1 mW/cm2) (Figure 7.5). The irradiance was adjusted to reflect the UV 

light in the simulated solar light. UV irradiance accounts for 4.2% of the simulated solar irradi-

ance (Figure 7.2). Therefore, the solar irradiance at 50 mW/cm2 is equivalent to UV irradiance 

at 2.1 mW/cm2.  
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Figure 7.5. GLY (A) and AMPA (B) permeate concentration vs. cumulated permeate volume under solar simulator 

and UV light (PVDF and PVDF-TiO2, 𝑐𝑓 (GLY/AMPA) = 1 μg/L, 𝐽𝑤= 600 L/m2.h, 𝐼 (AM1.5g 350–

1150 nm) = 50 mW/cm2, 𝐼 (365 nm) = 2.1 mW/cm2, pH 8.1 ± 0.1, 23 ± 1°C). Adapted from [402]. 

In photolysis, no significant degradation of GLY or AMPA was observed under either UV or 

simulated solar light, with permeate concentrations of GLY and AMPA at 0.9–1 ± 0.1 µg/L 

(Figure 7.5). Therefore, no measurable photolysis occurred. In the previous study of Papagian-

naki et al., photolysis can remove 90% GLY under UV light (wavelength 254 nm, irradiance 

~23 J/cm2) in batch experiments [427]. However, in this study, photolysis was not observed in 

dynamic filtration, possibly due to the high flux or the low HRT (0.45 s). At this HRT, the 

reaction time was not enough for photolysis.  

To verify the adsorption of GLY and AMPA, filtration by PVDF-TiO2 membrane was conduct-

ed in the full dark phase (Figure 7.6).  

 

Figure 7.6: Normalized GLY and AMPA concentration in permeate (𝑐𝑝 𝑐𝑓⁄ ) vs. cumulated permeate concentration 

without light (PVDF-TiO2, cf (GLY/AMPA) = 1 μg/L, Jw= 600 L/m2.h, pH 8.1 ± 0.1, 23 ± 1°C). 

Adapted from [402]. 
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A similar phenomenon that was observed in Figure 7.5 was observed in the dark-phase experi-

ment, where the permeate concentrations were 1 ± 0.1 µg/L, indicating that the adsorption of 

GLY or AMPA onto the PVDF-TiO2 membrane has reached equilibrium (Figure 7.6). 

Since photolysis and membrane adsorption did not contribute to GLY and AMPA removal, 

photocatalytic degradation by the PVDF-TiO2 membrane can be investigated under UV and 

simulated solar light. Under UV light (𝐼365 nm  = 2.1 mW/cm2), the permeate concentration 

decreased from 1000 ± 100 ng/L (feed solution) to 400 ± 60 ng/L for GLY and 800 ± 80 ng/L 

for AMPA. Other research on GLY degradation also found that GLY could be degraded under 

UV irradiation [190, 191, 403]. Under simulated solar light, the permeate concentration de-

creased from 1000 ± 100 ng/L to 400 ± 60 ng/L for GLY and 800 ± 80 ng/L for AMPA. The 

comparable permeate concentrations between UV and solar light indicate that non-UV solar 

spectra did not contribute to the degradation of GLY and AMPA. This was further supported by 

filtration experiments conducted at different wavelengths (Figure 7.7). 

 

Figure 7.7: Removal (A) and rate of disappearance (B) of GLY and AMPA under different wavelength ranges 

(PVDF-TiO2, 𝑐𝑓 (GLY/AMPA) = 1 μg/L, 𝐽𝑤= 600 L/m2.h, 𝐼 (AM1.5g 350–1150 nm) = 50 mW/cm2, 

𝐼 (400–1150 nm) = 48 mW/cm2, 𝐼 (365 nm) = 2.1 mW/cm2, pH 8.1 ± 0.1, 23 ± 1°C). Adapted from 

[402]. 

The filtration at different wavelengths (UV, non-UV, and solar) shows that the removal and rate 

of disappearance (𝑟𝑖
′′) for GLY and AMPA under 350–1150 nm were comparable to those 

observed under 365 nm. GLY removal was 65 ± 6% under 50—1150 nm and 63 ± 6% under 

365 nm, while AMPA removal was 25 ± 6% and 20 ± 7 %, respectively. The corresponding  𝑟𝑖
′′ 

values were (6–7) ± 1 · 1010 mol/m2.s for GLY and 3 ± 0.5 · 1010 mol/m2.s for AMPA. Mean-

while, at wavelengths of 400–1150 nm (non-UV range), both removal and 𝑟𝑖
′′ were negligible, 

confirming that non-UV wavelengths did not contribute to GLY and AMPA degradation. More-

over, the removal and rate of disappearance of GLY were higher than those of AMPA. The 

reason for this result could be (1) AMPA is more stable than GLY during the photodegradation 

[56]; (2) AMPA was formed as a by-product of GLY photodegradation. This hypothesis needs 

confirmation by the filtration of individual compounds. 
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7.7 Individual GLY and AMPA degradation  

To investigate whether AMPA was generated in the GLY degradation, the photocatalytic degra-

dation of GLY and AMPA was examined individually under simulated solar light (AM1.5G, 

350–1150 nm, irradiance = 50 mW/cm2) (Figure 7.8).  

 

Figure 7.8. Permeate concentration (𝑐𝑝) vs. cumulated permeate volume with individual GLY (A) and individual 

AMPA (B) (PVDF-TiO2, 𝑐𝑓 (GLY/AMPA) = 1 μg/L, 𝐽𝑤= 600 L/m2.h, 𝐼 (AM1.5g 350–1150 nm) = 

50 mW/cm2, pH 8.1 ± 0.1, and 23 ± 1°C). Adapted from [402]. 

GLY permeate concentration was lower than AMPA concentration during the filtration experi-

ment. Hence, GLY was degraded better than AMPA by the PVDF-TiO2 membrane under solar 

light. The permeate concentration of AMPA was 720 ng/L; less AMPA was degraded, as AM-

PA is more persistent than GLY [428]. Therefore, AMPA would be degraded more slowly and 

to a lower extent than GLY. Moreover, the degradation of GLY and AMPA by TiO2 could be 

influenced by the adsorption–diffusion steps in the heterogeneous reaction between ROS and 

micropollutants [429]. GLY and AMPA, and their photodegradation products, can adsorb onto 

TiO2 and membrane surface via hydrogen bonding, van der Waals interactions, and surface 

complexation with the functional groups [429, 430]. As GLY has stronger functional group 

interactions [430] and a higher molecular weight [200], GLY has a higher affinity for TiO2 than 

AMPA. Subsequently, more GLY can be in contact with the reaction space of TiO2 than AM-

PA, and more GLY could be degraded.  

In the individual photodegradation of GLY (Figure 7.8A), there was no significant difference in 

GLY permeate concentration between the mixture (400 ± 45 ng/L, Figure 7.5A) and the indi-

vidual experiment (300 ± 33 µg/L, Figure 7.8A). The same phenomenon was obtained from 

AMPA. AMPA permeate concentration was 700 ± 70 ng/L and 800 ± 80 ng/L for the individual 

and mixture experiment, respectively. Therefore, the reaction competition between GLY and 

AMPA for degradation sites [431], or the formation of AMPA during GLY degradation [432], 

could thus not be determined.  
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In Figure 7.8 A, AMPA was detected in the permeate at a concentration of 100 ± 11 ng/L during 

GLY degradation. In the study of GLY photodegradation by TiO2 in batch experiments, AMPA 

was also found as a reaction intermediate [189]. The degradation of GLY to AMPA pathway is 

also kinetically preferred [433], increasing the possibility of AMPA formation even though no 

clear evidence is identifiable in these low HRT experiments. 

To gain deeper insight into the mechanisms of GLY and AMPA degradation by the PVDF-TiO2 

membrane under simulated solar light, and to optimize the process, the limiting factors were 

investigated under varying operating conditions, including irradiance, flux, and water quality 

(initial herbicide concentration and pH). 

 

Figure 7.9: Factors in consideration to optimize photodegradation of GLY and AMPA by PVDF-TiO2 membrane 

7.8 Photocatalytic degradation of GLY/AMPA 
enhancement by irradiance 

Light intensity determines the number of photons available at the photocatalyst surface, which 

affects ROS generation. To evaluate photon availability as a limiting factor for GLY and AMPA 

degradation, photocatalytic experiments were conducted under varying irradiance intensity for 

UV (0.4–4.1 mW/cm2) and simulated solar light (10–98 mW/cm2) (Figure 7.10).  
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Figure 7.10. Removal of GLY and AMPA at varied irradiance of UV light (A) and solar simulator (B) (PVDF-TiO2, 

𝑐𝑓 (GLY/AMPA) = 1 μg/L, 𝐽𝑤 = 600 L/m2.h, pH 8.1 ± 0.1, and 23 ± 1°C). Intensity of light in the UV 

wavelengths induced by the solar irradiator (B) is equivalent to the intensity of UV light induced by 

the LED (A). Adapted from [402]. 

Under UV light, GLY removal increased slightly from 48 ± 8% to 68 ± 6% as UV irradiance 

increased from 0.4 to 4.1 mW/cm2 (Figure 7.10 A). Meanwhile, AMPA removal increased from 

10 ± 8% to 26 ± 13%. Under solar light, GLY removal increased significantly from 23 ± 11% to 

79 ± 4% as solar irradiance increased from 10 to 70 mW/cm2, then remained at 79–85% for 

irradiance > 70 mW/cm2 (Figure 7.10 B). AMPA removal increased from 25 ± 13% to 62 ± 8% 

with the increase of irradiance from 50 to 98 mW/cm2. 

 

Figure 7.11. Rate of disappearance (𝑟𝑖
′′) of GLY and AMPA at varied irradiance of UV light (A) and solar simulator 

(B) (PVDF-TiO2, 𝑐𝑓 (GLY/AMPA) = 1 μg/L, 𝐽𝑤 = 600 L/m2.h, pH 8.1 ± 0.1, and 23 ± 1°C). Intensity 

of light in the UV wavelengths induced by the solar irradiator (B) is equivalent to the intensity of UV 

light induced by the LED (A). Adapted from [402]. 

Under UV light, the rate of disappearance (𝑟𝑖
′′) increased from 5 ± 1 to 7 ± 1 · 1010 mol/m2.s for 

GLY and from 1 ± 1 to 4 ± 1 · 1010 mol/m2.s for AMPA (Figure 7.10 A). The slight increase in 

GLY and AMPA degradation rates (𝑟𝑖
′′) with increasing UV irradiance indicates the light inten-
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sity as a limiting factor for photodegradation. This is in contradiction to the previous study on 

steroid hormone degradation by the same PVDF-TiO2 membrane, where steroid hormone re-

moval increased significantly from 10 to 74 ± 7 % when increasing the UV irradiance from 0.5 

to 5 mW/cm2 [413]. Under solar light, the 𝑟𝑖
′′ of GLY increased from 2 ± 0.3 · 1010 mol/m2.s to 

8 ± 2 · 1010 mol/m2.s for the irradiance range from 10 to 70 mW/cm2, stabilizing at 8 ± 2 · 1010 

mol/m2.s for irradiance > 70 mW/cm2 (Figure 7.10 B). The increase in the rate of disappearance 

indicates an increase in the electron-hole formation rate. Consequently, ROS production was 

increased, and the removal of GLY could be increased [434]. Therefore, ROS generation is 

limited by photon availability. However, at higher irradiance (> 70 mW/cm2), 𝑟𝑖
′′ was stable at 8 

± 2 · 1010 mol/m².s, which was attributed to electron-hole recombination, which makes 𝑟𝑖
′′ 

independent of light irradiance [434]. For AMPA, eelow 35 mW/cm2, no degradation was 

observed, with 𝑟𝑖
′′ of AMPA remaining < 1 · 1010 mol/m2.s. This was due to the insufficient 

ROS generation and the lower photodegradability of AMPA compared to GLY. Since mass 

transfer is likely to be a limiting factor in the photodegradation of GLY and AMPA by the 

PVDF-TiO2 membrane, due to the low GLY/AMPA concentrations, flux and initial concentra-

tion were further investigated. 

The small difference between UV and solar degradation was evaluated by filtration experiments 

using PVDF-TiO2 membrane under the UV channel of a solar simulator at a comparable irradi-

ance to that of the solar simulator (Figure 7.12). For easier follow-up, the removal under the UV 

channel of the solar simulator is presented in the corresponding solar irradiance. 

 

Figure 7.12. Removal (A) and rate of disappearance (𝑟𝑖
′′) (B) of GLY/ AMPA under UV channel of the solar simula-

tor at varied irradiance (PVDF-TiO2, 𝑐𝑓 (GLY/AMPA) = 1 μg/L, 𝐽𝑤 = 600 L/m2.h, pH 8.1 ± 0.1, and 

23 ± 1°C). Adapted from [402]. 

The slight difference in the removal and rate of disappearance of GLY and AMPA between UV 

and solar was contributed by the difference in light characteristics between the UV lamp and 

solar simulator. 
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7.9 Mass transfer and hydraulic residence time 

Water flux controlled the HRT and the molar flux of GLY and AMPA. To identify the threshold 

for a contact-time-independent region in GLY/AMPA removal, filtration experiments were 

conducted across a flux range of 60–3000 L/m2.h (Figure 7.13). This flux range corresponds to 

HRT decrease from 4.5 to 0.09 seconds and a molar flux increase (that indicates the amount of 

herbicide brought to the membrane) from 1010 to 49 · 1010 mol/m2.s for GLY and 1010 to 75 · 

1010 mol/m2.s for AMPA (Figure 7.4). 

 

Figure 7.13. Removal (A) and rate of disappearance (𝑟𝑖
′′) (B) of GLY/ AMPA under solar simulator at varied water 

flux (PVDF-TiO2, 𝑐𝑓 (GLY/AMPA) = 1 μg/L, 𝐼 (AM1.5g 350–1150 nm) = 50 mW/cm2, pH 8.1 ± 0.1, 

and 23 ± 1°C). Adapted from [402]. 

Both GLY and AMPA removal decreased as flux increased from 60 to 1500 L/m2.h, then stabi-

lized at flux levels above 2000 L/m2.h (Figure 7.13 A), which was associated with a reduction in 

hydraulic residence time from 4.5 to 0.09 seconds. GLY removal decreased from 75 ± 5% to 10 

± 9% as flux increased from 60 to 1500 L/m2.h (with hydraulic residence time decreased from 

4.5 to 0.2 seconds). At flux levels below 2000 L/m2.h, GLY 𝑟𝑖
′′ increased from 1010 to 10 ± 3 · 

1010 mol/m2.s, corresponding to an increase in molar flux from 1010 to 25 · 1010 mol/m2.s for 

GLY (Figure 7.4).  

Similarly, AMPA removal decreased from 82 ± 4% to 7 ± 6% as flux increased from 60 to 1500 

L/m2.h (with hydraulic residence time decreasing from 4.5 to 0.2 seconds). AMPA 𝑟𝑖
′′ increased 

from 1010 to 4 ± 1 · 1010 mol/m2.s at flux below 1500 L/m2.h, associated with a rise in molar 

flux from 1010 to 38 · 1010 mol/m2.s for AMPA. The decrease in removal and the increase in the 

rate of disappearance 𝑟𝑖
′′ of GLY and AMPA suggested that photocatalytic reaction kinetics 

were not limited by the surface reaction rate but rather by mass transfer and molar flux to the 

membrane surface. The increase in 𝑟𝑖
′′ of GLY with flux was more pronounced compared to 

AMPA at flux below 1500 L/m2.h, likely due to the higher diffusivity of AMPA (9 · 10-10 m2/s 

at 23 °C) compared to GLY (7 · 10-10 m2/s at 23 °C) [61], allowing more AMPA to pass through 

the membrane. 
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At flux levels above 2000 L/m2.h (hydraulic residence time < 0.2 seconds), GLY and AMPA 

removal stabilized at 10–15 ± 9% and 5–7 ± 4 %, respectively. GLY 𝑟𝑖
′′ increased from 1010 to 

10 ± 3 · 1010 mol/m2.s, while AMPA 𝑟𝑖
′′ increased to 12 ± 4 · 1010 mol/m2.s at a flux of 3000 

L/m2.h. At low hydraulic residence times (< 0.2 seconds), degradation was controlled by the 

surface reaction rate, a trend consistent with findings in other flow-through photocatalytic 

reactor studies [413, 435]. 

7.10 Water quality: GLY and AMPA concentration 

To investigate the extent to which the removal and degradation rates of GLY and AMPA are 

limited by their initial concentrations, photocatalysis was performed across a wide range of 

concentrations (0.1—10000 μg/L), which are environmentally relevant (Figure 7.14). The HRT 

in these experiments is 0.5 seconds. 

GLY and AMPA removal decreased (from 65 ± 6% to 5 ± 4% for GLY and from 82 ± 8% to 2 

± 2% for AMPA) as the feed concentration increased from 0.1 to 10000 µg/L (Figure 7.14). The 

rate of disappearance (𝑟𝑖
′′) for both GLY and AMPA rose from 0.4 ± 1 · 1010 to 4671 ± 597 · 

1010 mol/m2.s for GLY and from 1.1 ± 1 · 1010 to 2703 ± 373 · 1010 mol/m2.s for AMPA with an 

increase in feed concentration. This linear increase in 𝑟𝑖
′′ was attributed to the higher initial 

concentration, resulting in greater surface coverage of the photocatalyst. Therefore, the accessi-

ble surface (within the hydraulic residence time of 0.5 seconds) was a limiting factor for the 

photodegradation of GLY and AMPA by the PVDF-TiO2 membrane. 

 

Figure 7.14. Removal (A) and rate of disappearance (𝑟𝑖
′′) (B) of GLY/ AMPA under solar simulator at varied feed 

concentration (PVDF-TiO2, 𝐽𝑤 = 600 L/m2.h, 𝐼 (AM1.5g 350–1150 nm) = 50 mW/cm2, pH 8.1 ± 0.1, 

and 23 ± 1°C). Adapted from [402]. 

At concentrations exceeding 1000 µg/L, the minimal removal of GLY and AMPA (2–5%) 

indicates that the PVDF-TiO2 membrane had reached its maximum adsorption and photocatalyt-

ic capacity. However, 𝑟𝑖
′′ for both compounds continued to increase, reaching 4671 ± 597 · 1010 

mol/m2.s and 2703 ± 373 · 1010 mol/m2.s, respectively, indicating that degradation was still 
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controlled by the feed concentration. This implies that the degradation rate was governed by the 

availability of micropollutant molecules in the photocatalytic membrane reactor, where mass 

transfer limitation was eliminated by the convection flow. 

7.11 Water quality: pH of GLY/AMPA solution 

The solution pH can influence the photocatalytic degradation of GLY and AMPA by altering 

the surface interaction between GLY/AMPA and catalysts and affecting the ROS concentration. 

To evaluate the extent to which the pH-dependent interaction contributes to GLY and AMPA 

degradation, filtration was investigated by performing photocatalysis at varied initial pH from 2 

to 12 (Figure 7.15). 

 

Figure 7.15. Removal (A) and rate of disappearance (𝑟𝑖
′′) (B) of GLY/ AMPA under solar simulator at varied initial 

pH of feed solution (PVDF-TiO2, 𝑐𝑓 (GLY/AMPA) = 1 μg/L, 𝐽𝑤 = 600 L/m2.h, 𝐼 (AM1.5g 350–1150 

nm) = 50 mW/cm2, and 23 ± 1°C). Adapted from [402]. 

The removal of GLY and AMPA decreased from 86 ± 3 to 4 ± 4 % for GLY and from 51 ± 9 to 

3 ± 3 % for AMPA (Figure 7.15) with the increase of pH from 2 to 12 corresponding to the 

charge of GLY from +0 to –3 and charge of AMPA from +0 to –2 (Table S3). Meanwhile, 𝑟𝑖
′′ of 

GLY and AMPA decreased from 8 ± 2 · 1010 mol/m2.s to 1 ± 0.2 · 1010 mol/m2.s, and from 6 ± 

2 · 1010 mol/m2.s to 1 ± 0.2 · 1010 mol/m2.s, respectively. The PVDF-TiO2 membrane exhibited 

a pHIEP at 3.3 [436], suggesting that it is negatively charged at pH > 3.3. Therefore, at low pH 

(acidic conditions), GLY and AMPA accumulate on the metal oxide surface (TiO2 in this study) 

due to the electrostatic attraction [429, 437, 438]. At pH > 4, GLY and AMPA have the charge 

from –1 to –3 while TiO2 has the negative charge, which induced electrostatic repulsion be-

tween GLY/AMPA and TiO2. Moreover, the pH increase will enhance the competition of OH– 

with the complexation, where more OH– can form a covalent bond with TiO2, resulting in the 

mononuclear monodentate between GLY/AMPA functional groups with metal (Ti) as the domi-

nant complexation structure at high pH [429, 437]. Therefore, lower adsorption onto TiO2 

would result in lower photocatalytic degradation of GLY and AMPA by PVDF-TiO2 mem-

brane.  
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In addition, different pH would affect the formation of ROS by changing the ROS concentra-

tion. The decrease in removal at increasing pH was also observed in other research, where 

acidic pH was preferred for the photodegradation of GLY, favorable for the formation of •OOH, 

which is less reactive [191]. In batch, GLY degradation increased from 36 % to 67 % with the 

decrease of pH from neutral to acidic conditions, which was attributed to the more ROS for-

mation (•OH and •O2
-) [191]. At high pH, the concentration of scavenger radicals such as CO3

2− 

and HCO3
− may be enhanced, which leads to a decline in •OH concentration, limiting the effi-

ciency of photo­degradation at higher pH [412]. 

Identifying the contribution of various ROS in the photocatalytic membrane reactor is critical 

for a deeper understanding of the GLY/AMPA degradation mechanism, which was then studied 

using different scavengers. 

7.12 Identification of predominant reactive oxygen 
species in the degradation of GLY and AMPA 

The role of key reactive species, including hydroxyl radical (•OH), superoxide radicals (•O₂⁻), 

singlet oxygen (¹O₂), valence band holes (ℎ𝑉𝐵
+ ), was determined through scavenging experi-

ments, in which the contribution of each species to GLY/AMPA degradation was examined 

based on the inhibitory effects of the scavengers (Figure 7.16).  

 

Figure 7.16. Removal of GLY/ AMPA under solar simulator with varied types of scavenger (PVDF-TiO2, 𝑐𝑓 

(GLY/AMPA) = 1 μg/L, 𝐽𝑤 = 600 L/m2.h, 𝐼 (AM1.5g 350–1150 nm) = 50 mW/cm2, pH 8.1 ± 0.1, 23 

± 1°C). Adapted from [402]. 

The •OH scavenger, IPA, did not significantly impact the removal of GLY and AMPA, indicat-

ing that •OH did not contribute to the GLY/AMPA degradation, where the removal was 50 ± 8 

% and 32 ± 10 %, respectively (Figure 7.16). This may be due to the scavenging effect of Na-

HCO3 at a concentration (1 mM) that was 6 orders of magnitude higher than that of 

GLY/AMPA [439]; hence, inhibiting the photodegradation. FFA reduced the removal from 65 ± 

6 to 38 ± 8 % for GLY and did not change the removal of AMPA. FFA can react with 1O2 
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(𝑘𝐹𝐹𝐴,1O2
= 1.2 ∙ 108 M−1s−1) at high rates, and react with •O2

- at a lower rate (𝑘𝐹𝐹𝐴,•O2
− =

3.5 ∙ 103 M−1s−1 [440]). The inhibited removal could be attributed to the scavenging of a small 

fraction of ·O2
- by FFA, making it difficult to clearly determine the role of 1O2. In the presence 

of SO, the GLY/AMPA removal decreased from 65 ± 6 to 22 ± 10 % and from 25 ± 11 to 4 ± 4 

%, respectively. This implied that a portion of adsorbed GLY/AMPA could be degraded directly 

by the ℎ𝑉𝐵
+  at the catalyst surface. The removal of GLY/AMPA was completely inhibited by BQ 

where the GLY removal was 6 ± 4 % and AMPA removal was 5 ± 4 %. Hence, •O2
- appear to 

be the primary species contributing to the removal of GLY/AMPA.  

After identifying the main reactive species, the degradation pathway of GLY and AMPA by 

PVDF-TiO2 membrane would be determined. 

7.13 Determination of bond dissociation enthalpy 
and degradation pathway 

Since •O2
– was identified as the dominant ROS for GLY/AMPA degradation (Figure 7.16), the 

final step in explaining the photodegradation was to determine potential radical attack points on 

GLY and AMPA molecules to understand their degradation pathways. To achieve this, the X–H 

(where X can be C, N, or O) and X–Y (where X and Y can be P, C, N, or O) homolytic bond 

dissociation enthalpies (BDEs) were calculated for each unique bond (Figure 7.17). The model-

ling was done by Bela Fiser at the University of Lodz. The 3D starting structures of GLY and 

AMPA were prepared using GaussView 6 software by Bela Fiser at the University of Lodz 

[441]. The protonation states were determined based on the experimental conditions (pH = 8), 

where the dominant species had charges of –2 for GLY and –1 for AMPA. 

GLY and AMPA degradation involves the oxidation by reactive oxygen species (ROS), which 

can occur through two main pathways: (1) C–N bond cleavage to produce AMPA and glyoxylic 

acid, and (2) C–P bond cleavage to produce sarcosine, which is then degraded to glycine [267]. 

The latter pathway is more beneficial due to the formation of safer intermediate products [267-

269]. However, the C–P bond in the phosphonic group is more thermally stable and chemically 

resistant [270]. The study on bond dissociation enthalpies (BDEs) showed that the weakest C–H 

bond in GLY is located between the amine and carboxyl group, and the corresponding BDE 

value is 419.2 kJ/mol. In AMPA, the weakest X–H bond is the only C–H bond in the structure 

with a BDE value of 431.7 kJ/mol, which is similar to the corresponding bond located in GLY 

[402]. The weakest X–Y bond in GLY is the C–N bond, which will produce AMPA, and an 

additional side product, which was also the result obtained from the photodegradation experi-

ment (Figure 7.8).  
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Figure 7.17. BDE (in kJ/mol) maps of GLY and AMPA at their most probable protonation state. Thermodynamic 

properties of the species and the corresponding radicals were determined by using the G3MP2B3 

composite level of theory. BDE values (in kJ/mol) calculated by using the depicted equations for all 

unique bonds. The protonation states of the species were considered according to the experimental 

condition (pH = 8), and thus, the charge of GLY and AMPA is -2 and -1, respectively. Reprinted 

from [402]. 

Since •O2
– was identified as the dominant ROS for GLY/AMPA degradation and from the BDE 

calculation, the degradation pathway of GLY and AMPA by PVDF-TiO2 membrane is proposed 

in Figure 7.18, integrated with experimental data and insights from previous studies [433, 442]. 

 

Figure 7.18. Probable glyphosate (GLY2-) degradation pathway to AMPA– and oxalic acid.  

Overall, GLY was degraded by PVDF-TiO2 membrane with •O2
– as the dominant ROS. AMPA 

was formed during the degradation, which was also found in the experiment. From the studied 

limiting factors, the optimization of the PVDF-TiO2 membrane will be conducted next. 

7.14 Enhanced photocatalytic degradation at 
optimized conditions 

To evaluate whether the use of the solar simulator to activate PVDF-TiO2 can achieve the 

guideline of 0.1 μg/L GLY and 0.1 μg/L AMPA in water intended for human consumption, 
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photocatalysis will be performed at optimized conditions (flux 60 L/m2.h, solar irradiance 98 

mW/cm2) (Figure 7.19). 

 

Figure 7.19. Permeate concentration of GLY (A) and AMPA (B) vs. cumulated permeate concentration at optimized 

conditions (PVDF-TiO2, 𝑐𝑓 (GLY/AMPA) = 1 μg/L, 𝐽𝑤 = 60 L/m2.h, 𝐼 (AM1.5g 350–1150 nm) = 98 

mW/cm2, pH 8.1 ± 0.1, 23 ± 1°C). Adapted from [402]. 

The optimized conditions were at flux 60 L/m2.h, which corresponded to the hydraulic residence 

time of 4.5 s and under the solar irradiance of 98 mW/cm2. GLY permeate concentration was 40 

± 5 ng/L, which satisfied the EU guideline for individual herbicides (100 ng/L [13]). However, 

AMPA could not reach the EU guideline, with the permeate concentration of AMPA of 200 ± 

23 ng/L (Figure 7.19). The total GLY and AMPA permeate concentration (300 ± 42 ng/L) was 

lower than EU guidelines for total herbicides (500 ng/L [13]). Therefore, photocatalytic degra-

dation by PVDF-TiO2 membrane in a flow-through configuration could effectively remove 

GLY and AMPA from water; further study on AMPA removal enhancement needs to be ad-

dressed. 

7.15  Conclusions 

In this chapter, GLY and AMPA were removed by photodegradation using PVDF-TiO2 mem-

brane under solar simulator (AM1.5g 350–1150 nm) in a flow-through configuration. The 

following points are obtained from this investigation.  

• The photodegradation using PVDF-TiO2 membrane under solar simulator was compara-

ble to that under UV light, in which non-UV wavelength did not contribute to the deg-

radation of GLY and AMPA. 

• The GLY/AMPA degradation was limited by light intensity and HRT, with higher irradi-

ance and lower HRT enhancing removal. •O₂⁻ was the dominant reactive oxygen spe-

cies in the photodegradation of GLY and AMPA, with AMPA produced in the GLY 

degradation process. 
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• PVDF-TiO2 membrane at optimized conditions (highest irradiance of 98 mW/cm2, and 

lowest flux of 60 L/m2.h) achieved 95% GLY and 80% AMPA removal.  

Photocatalytic degradation using PVDF-TiO2 membrane can degrade GLY and AMPA. How-

ever, the degradation was incomplete, where EU guidelines for herbicides were not achieved for 

AMPA.  Moreover, degradation by-products were produced during this process, posing a chal-

lenge to further permeate treatment. Additionally, although the PVDF-TiO2 membrane used less 

pump pressure, the energy for light might be excessive.  

At last, four water treatment technologies will be compared for GLY and AMPA removal. 
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8 Conclusions and outlook 

In this dissertation, after four chapters, four different water treatment technologies were evaluat-

ed, including adsorption on PBSAC, dynamic adsorption on UF–PBSAC, filtration by NF 

membrane, and photodegradation by PVDF-TIO2 membrane.  

 

Figure 8.1: GLY/AMPA removal technologies of interest  

The last target of this dissertation is to find a promising technology for GLY and AMPA re-

moval with the following criteria in consideration.  

• Evaluation of the “effectiveness”: the removal efficiency of each technology and 

whether the EU guidelines for herbicides in water can be achieved at lab scale systems. 

• Evaluation of the “sustainability”: the estimated energy consumption of each 

technology at the optimized filtration conditions.  

Next, the comparison between different technologies will be performed. 

8.1 Comparison and discussions  

To compare “effectiveness”, permeate concentration and HRT were considered. Meanwhile, the 

theoretical energy consumption and the normalized theoretical energy per % removal will be 

evaluated for the “sustainability” with the standard experimental conditions and the optimized 

conditions of each technology. In detail, the list of comparison includes: 
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• PBSAC adsorption with PBSAC size 200 µm. 

• UF–PBSAC at standard conditions: PBSAC size 78 µm, flux 100 L/m2.h, PBSAC layer 

thickness of 2 mm. 

• UF–PBSAC at optimized conditions: PBSAC size 78 µm, flux 25 L/m2.h, PBSAC layer 

thickness of 6 mm. 

• NF membrane: BW 30, NF 90, NF 270, HY 70, HY 50, HY 10. 

• PVDF-TiO2 membrane at standard conditions: highest irradiance of 50 mW/cm2, and 

lowest flux of 600 L/m2.h. 

• PVDF-TiO2 membrane at standard conditions: highest irradiance of 98 mW/cm2, and 

lowest flux of 60 L/m2.h. 

All the calculations were discussed and mentioned in Chapter 2. 

Firstly, to evaluate the effectiveness of each technology, the permeate concentration at the end 

of the experiments was compared (Figure 8.2). 

 

Figure 8.2. Permeate concentration at the end of the experiments, comparing the EU guidelines for herbicides (100 

ng/L for each compound) 

UF–PBSAC could remove GLY and AMPA effectively at optimized conditions due to the 

adsorption to PBSAC, when the UF membrane alone cannot remove the herbicides (Figure 8.2). 

The permeate concentration of filtration at optimized conditions of UF–PBSAC was lowest (12 

± 1 ng/L and 47 ± 2 ng/L for GLY and AMPA, respectively) and lower than EU guidelines for 

each herbicide (100 ng/L [13]). However, UF–PBSAC with less adsorbent and the higher flux 

cannot achieve this removal. The removal of GLY and AMPA by NF membranes was incom-

plete, even with the lowest MWCO membranes. The permeate concentration from the dense 

membrane (BW 30, NF 90, NF 270) was 110–140 ± 7 ng/L for GLY and 120–140 ± 7 ng/L for 

AMPA. Loose membrane (HY 70, HY 50, HY 10) could not remove GLY and AMPA effec-

tively. The PVDF-TiO2 membrane at optimized conditions could degrade GLY and AMPA to 
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the concentration of 43 ± 3 ng/L of GLY and 201 ng/L of AMPA, in which GLY concentration 

was lower than EU guidelines. To sum up, UF–PBSAC can remove most GLY and AMPA. 

To evaluate the potential of filtration technologies in this dissertation, the pure water permeabil-

ity and HRT of each membrane system were compared (Figure 8.3). PBSAC, which was in 

static adsorption, will not be considered.  

 

Figure 8.3. Pure water permeability (A) and HRT (B) of the filtration system 

The HRT is related to the removal efficiency, which was discussed in Figure 8.2, while the 

permeability of the filtration membrane is related to the amount of permeate that can be pro-

duced. The permeability of the filtration membrane increased with membrane types from dense 

NF to loose NF, to UF and UF–PBSAC, to PVDF-TiO2 membrane. With the permeability of 

60–70 L/m2.h, the highest HRT was in UF–PBSAC, where the HRT at the optimized conditions 

was 346 s, enhancing the adsorption of GLY and AMPA to PBSAC, making UF–PBSAC the 

most effective technique. For NF membranes, HRT, which is related to the adsorption of 

GLY/AMPA on the membrane, was low (< 0.01 s). This low HRT explains why the adsorption 

on the NF membrane was low in Chapter 6. It is noted that the main rejection mechanism of NF 

was size, charge, and dielectric exclusion. For the membrane with the highest permeability 

(4500–4600 L/m2.h), the HRT was 0.5 s at the optimized conditions. At this HRT, the GLY and 

AMPA removal was incomplete, suggesting that the photocatalytic membrane requires signifi-

cantly lower flux to achieve efficient removal.  

Finally, to compare the energy needed for each technology, the theoretical energy and theoreti-

cal energy required for removal was evaluated in Figure 8.4. It is noted that theoretical consid-

erations are used as the foundation, but this cannot be directly translated to larger-scale condi-

tions, where membrane fouling, cleaning, and maintenance need to be considered. 
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Figure 8.4. Permeate concentration at the end of the experiments, comparing the EU guidelines for herbicides (100 

ng/L for each compound) 

UF–PBSAC consumed the lowest theoretical energy among all technologies in this dissertation. 

The total theoretical energy consumption was 0.01–0.03 kWh/m3, which was comparable to the 

reported energy for ozonation for micropollutant removal (depending on ozone dose) [284]. The 

optimized UF–PBSAC, which could remove most GLY/AMPA, needed 0.01 kWh/m3 for 

operation. NF membranes required more energy, with the theoretical energy of 0.1–0.3 kWh/m3 

to remove 70–80% GLY and AMPA. In the PVDF-TiO2 membrane, the hydraulic energy was 

low due to the high permeability of this membrane. However, the energy required for light was 

high, especially for optimized conditions (light intensity of optimized conditions at 98 

mW/cm2), which was 16.3 ± 0.5 kWh/m3, making it the highest theoretical energy consumption. 

It is noted that these data are theoretical energy, which assumes full performance of the pump 

and light source (Chapter 2). When considering theoretical energy consumption and removal 

(Figure 8.4B), UF–PBSAC appears to be the most promising technology, removing 98% GLY 

and 95% AMPA (EU guidelines for herbicides achieved) at a low transmembrane pressure < 2 

bar (low energy consumption).  

8.2 Summary and conclusions 

In this dissertation, herbicides GLY and AMPA were investigated for analysis and removal, 

which remain a challenge for water management. Therefore, the target is to evaluate the remov-

al efficiency of different technologies for treating herbicides in water to meet EU guidelines 

(100 ng/L for individual herbicides and 500 ng/L for total herbicides) [12, 13].  

Chapter 2 is a literature review on the properties and occurrence of GLY and AMPA in the 

water environment. Due to the extensive usage of GLY in agriculture and industry, GLY and its 

metabolite AMPA were found in surface and ground water at the level of 0.2–370 µg/L in 

groundwater and surface water [30, 92-94]. GLY can occur in some water bodies in much 
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higher concentrations i.e., milligrams per liter [67]. This has raised the question of how to treat 

GLY and AMPA in water. Chapter 2 discussed the current water treatment technologies for 

micropollutants, GLY/AMPA removal. The four technologies were focused on: adsorption, 

hybrid adsorption–membrane, membrane filtration, and photocatalytic membrane. Each tech-

nology was reviewed with new research, advantages, and disadvantages. Additionally, the 

method to compare different water treatment technologies was reviewed for the final compari-

son.  

To study GLY/AMPA removal, the analysis was required that enabled the studies on a lab scale 

for water treatment technologies. However, the analysis of GLY and AMPA was challenging 

due to the complex physicochemical properties of the herbicides and the low LOD, which is in 

the environmentally relevant concentration. Therefore, in Chapter 3, the first challenge is to 

analyze these two herbicides in water. The current analytical methods and the challenges in the 

measurement of GLY and AMPA were highlighted in Chapter 2. From these current analytical 

techniques, the first step was to develop the analytical method for GLY and AMPA in water 

using LC-MS/MS. The systematic problem identification and solving were conducted for meth-

od development. The target is to analyze GLY and AMPA in water at low concentration, requir-

ing low injection volume and no derivatization step. After review, the developed analytical 

method had the LOD of 10 ng/L, needed injection volume of 100 µL, and required no derivati-

zation step. 

From chapter 4 to chapter 7, four different technologies were investigated for the removal 

efficiency of GLY and AMPA from the environmentally relevant concentration (1000 ng/L) in 

water (Figure 8.5).  

 

Figure 8.5: Schematic of water treatment technologies for GLY and AMPA removal with comparison of removal and 

energy 

Chapter 4 investigated the removal of GLY and AMPA by PBSAC in static adsorption. The 

adsorption of GLY and AMPA at environmentally relevant concentrations from water by PBS-

AC was achievable, with 95% GLY and 57% AMPA removed at a PBSAC dose of 0.5 g/L from 

an initial concentration of 1000 ng/L. GLY was adsorbed more than AMPA due to the higher 

affinity towards PBSAC. The maximum adsorbed mass of PBSAC was 78 mg/g GLY and 1.3 
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mg/g AMPA. To understand the adsorption of GLY and AMPA on PBSAC, a systematic evalu-

ation of material properties, operational factors, and water chemistry was performed. PBSAC 

size, activation level, and surface oxygen content were the PBSAC material properties under 

consideration. Both the external and internal surfaces contributed to GLY and AMPA adsorp-

tion, although only a part of the PBSAC surface is available for adsorption of the charged herbi-

cides. When the external surface area increases by varying PBSAC size, GLY and AMPA 

adsorption only slightly enhanced. However, when the internal surface area increased by vary-

ing pore volume, a significant increase in adsorption was observed. The adsorption of GLY and 

AMPA was also controlled by water chemistry, where GLY and AMPA adsorbed on PBSAC 

via hydrogen bonding and van der Waals interaction, and was hindered by the hydration layer. 

In summary, adsorption by PBSAC could achieve the EU guideline concentration for GLY, but 

the AMPA concentration was still higher than the EU guideline.  

In Chapter 5, PBSAC was integrated with the UF membrane for GLY and AMPA dynamic 

adsorption. GLY and AMPA can be effectively adsorbed by UF–PBSAC dynamically within a 

short HRT (5–115 s). In this system, PBSAC is in charge of adsorbing GLY and AMPA while 

UF acts as a barrier to remove organic matter, bacteria, viruses, and particulates, which can 

interfere with the adsorption. With a 2 mm layer of PBSAC, UF–PBSAC can remove 77% of 

GLY and 52% of AMPA, which was lower than in static adsorption. This finding indicates that 

adsorption sites limit the adsorption. Both surface area and HRT play an important role in the 

adsorption. More surface area provides more adsorption sites, leading to higher removal of GLY 

and AMPA. Meanwhile, HRT allows GLY and AMPA to diffuse into PBSAC pores. The 

limiting factors were minimized at the optimized conditions (small PBSAC size 78 µm, low flux 

25 L/m2.h, and high PBSAC layer thickness 6 mm). Under these conditions, 98% GLY and 95% 

AMPA were removed by UF–PBSAC, in which EU regulation was met. Moreover, this system 

can perform high removal at low pressure (energy) (in the comparison in Chapter 8). As UF–

PBSAC has proven the efficiency in removing GLY and AMPA, NF can be an alternative 

option. 

NF was applied for GLY and AMPA rejection in Chapter 6. The rejection efficiency and 

transport of GLY and AMPA in NF membranes were evaluated using six membranes (BW 30, 

NF 90, NF 270, HY 70, HY 50, HY 10) covering a range of MWCO from 80 Da to 3000 Da. 

NF membrane can partially remove GLY and AMPA due to size exclusion, Donnan exclusion, 

and dielectric exclusion. Size exclusion was dominant in the filtration of the membrane at low 

MWCO (< 150 Da), with 90% GLY/AMPA removed. In the membrane with MWCO > 200 Da, 

Donnan exclusion and dielectric exclusion were more dominant. The Debye length and pore 

radius of the membrane showed that Donnan exclusion would always happen with all mem-

brane pore sizes in the range of 80 to 3000 Da. The removal was enhanced by the increase in pH 

under the effect of Donnan exclusion and dielectric exclusion. Donnan exclusion at low pH had 

a lower contribution to the rejection, as GLY and AMPA have a neutral charge. Meanwhile, at 

higher pH, membrane charge becomes more negative, and the charge of GLY and AMPA is 

also more negative, enhancing the charge repulsion between GLY/AMPA and the membrane. 

Moreover, the dielectric exclusion was also stronger at higher pH, leading to stronger rejection 

of GLY and AMPA. NF 90 and NF 270 membranes can remove ~ 90%, while HY 50 can 

remove 83% at higher pH. The rejection of GLY and AMPA was lower with higher flux. The 
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transport of GLY and AMPA through the membrane is contributed by concentration and dehy-

dration. For NF 90 and NF 270, concentration polarization increased at higher flux, while the 

contribution of dehydration could not be quantified. For HY 50, higher flux provided more 

energy for dehydration, letting GLY and AMPA pass through the membrane.  

Chapter 7 studied the photocatalytic degradation of GLY and AMPA using PVDF-TiO2 mem-

brane under simulated solar irradiation in a continuous flow-through configuration. The removal 

of GLY and AMPA under solar simulator (AM1.5G, 350–1150 nm) was comparable to that 

under UV light (365 nm), in which non-UV wavelength did not contribute to the degradation of 

GLY and AMPA. 65% GLY and 25% AMPA were removed from the feed concentration of 

1000 ng/L. To determine the optimized conditions, the limiting factors were investigated, in 

which light intensity and HRT were found to control the photodegradation. GLY and AMPA 

removal increased significantly with the increase of solar irradiance, while lower HRT enhanced 

the removal. The scavenger revealed that •O₂⁻ and ℎ𝑉𝐵
+  were the dominant ROS in the photodeg-

radation of GLY and AMPA. Moreover, AMPA was found in the experiment of individual 

GLY, implying the formation of AMPA during GLY photodegradation, which was later con-

firmed by BDE calculation.  

At last, the comprehensive comparison between four water treatment technologies was conduct-

ed for GLY and AMPA removal. While NF can partially remove GLY and AMPA, but requir-

ing high pressure, the highest energy requirement was from the PVDF-TiO2 membrane. The 

removal of the PVDF-TiO2 membrane was incomplete; moreover, higher energy was needed for 

light irradiation. When considering energy and removal, UF–PBSAC appeared to be the most 

promising technology that achieved the EU guidelines for herbicides with low transmembrane 

pressure. However, the low flux was the drawback of this technology. 

8.3 Outlooks 

In this dissertation, the investigation on the removal of GLY and AMPA in water is limited to 

the lab scale. With the target of effectively and sustainably removing these herbicides, addition-

al work will be needed.  

The studied technologies in this dissertation have their own advantages and disadvantages. 

More studies to minimize the disadvantages of each technique should be considered. For UF–

PBSAC, although the removal was efficient, the flux was too low (25 L/m2.h) for real applica-

tion in water treatment. An adsorbent with a larger pore volume could be beneficial, as the 

adsorption of GLY and AMPA on PBSAC was also controlled by the internal surface area. Ion 

exchange can be an option, as GLY and AMPA are highly charged; the interaction between 

GLY/AMPA and ion exchange is expected to happen. Other technologies can also be consid-

ered, such as the electrocatalytic membrane that has less energy consumption than the photo-

catalytic membrane [288]. Additionally, the adsorbent regeneration and membrane cleaning 

should be considered in future studies. 

This dissertation investigated the removal of GLY and AMPA in water under laboratory-

controlled conditions. The next step is to investigate the removal efficiency in real water, where 
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water matrices are complex. The interaction of GLY and AMPA will be varied as those hydro-

philic compounds are known to bind with colloids and metal ions (Ca2+, Mg2+, Fe3+, and Al3+), 

depending on pH [51, 443, 444], which adds further challenges to the removal process.  

As the investigation was done in a lab-scale system, which was limited to under 1 L of filtration, 

upscaling the system is needed in the next work for long-term filtration. In this dissertation, UF–

PBSAC has not reached the adsorption equilibrium, which makes the evaluation of adsorption 

incomplete. A continuous system for UF–PBSAC can be designed for GLY and AMPA remov-

al.  

A take-home message of the dissertation is shown in Figure 8.6.  

 

Figure 8.6. Summaries of the dissertation. Illustrated by P.T. 
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9 Appendices 

9.1 Kinetics of GLY and AMPA adsorption by PBSAC 

The PBSAC dose varied between 0.1 and 10 g/L with a constant GLY and AMPA concentration 

of 1 µg/L to evaluate the kinetics of GLY and AMPA adsorption. 

 

Figure 9.1: Specific adsorbed mass of GLY and AMPA as a function of time and PBSAC dose with pseudo-second-

order kinetics model fit (PBSAC 200 μm, initial GLY/AMPA concentration 1 µg/L, 1mM NaHCO3, 

10 mM NaCl, 20 °C, 260 rpm, pH 8.1 ± 0.1) 

The adsorption process was fast for GLY when the equilibrium concentration was reached in 6 

h, while AMPA adsorption was slower to reach equilibrium at 9−24 h. The adsorption equilibri-

um is reached faster at a higher PBSAC concentration because of a more accessible surface. The 

second-order kinetics model was fit with the mass adsorbed of GLY and AMPA with the PBS-

AC dose. The first- and second-order kinetics and intra-particle diffusion constants, along with 

the respective R2 values, are given in the following tables.   
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The first- and second-order models could fit the kinetics, while the intra-particle diffusion 

model did not fit the data. The fit of first- and second-order models indicates that adsorption is 

driven by the amount of contaminant taken up or disappearing from the bulk phase. Intra-

particle diffusion does not fit, so it is not the exclusive transport mechanism.  

Table 9.1: First- and second-order kinetics and intra-particle diffusion constants and R2 values of GLY adsorption by 

PBSAC. 𝑘1: first order, 𝑘2: second order, 𝑘𝑑: diffusion.  

PBSAC concentration 

(g/L) 

0.01 0.1 0.2 0.5 1 5 10 

Pseudo-first 

order 
𝑘1 (1/h) 14 ± 2 4.3 ± 1 46 ± 15 2 ± 0.6 13 ± 7 11 ± 3 32 ± 2 

R2 0.8 0.2 0.1 0.5 0.1 0.4 0.8 

Pseudo-

second order 
𝑘2 

(g/µg.h) 

0.7 ± 

0.3 

1.4 ± 

0.6 

61 ± 32 2.1 ± 

0.8 

12 ± 5 30 ± 7 1361 ± 

63 

R2 0.4 0.5 0.3 0.7 0.6 0.8 0.9 

Intra-particle 

diffusion 
𝑘𝑑  

(µg/g.h0.5) 

− 0.4 ± 

1.0 

0.5 ± 

0.1 

0.05 0.20 ± 

0.01 

0.08 ± 

0.01 

0.03 ± 

0.01 

7 ± 3 

R2 0.01 0.5 0.8 0.9 0.8 0.7 0.3 

 

Table 9.2: First- and second-order kinetics and intra-particle diffusion constants and R2 values of AMPA adsorption 

by PBSAC. 𝑘1: first order, 𝑘2: second order, 𝑘𝑑: diffusion. 

PBSAC concentration 

(g/L) 

0.01 0.1 0.2 0.5 1 5 10 

Pseudo-first 

order 
𝑘1 (1/h) Not fit 1.2 ± 

0.4 

4.3 ± 

0.5 

0.5 ± 

0.1 

1.1 ± 

0.6 

0.5 ± 

0.1 

7.6 ± 

1.6 

R2 Not fit 0.8 0.8 0.9 0.2 0.8 0.7 

Pseudo-

second order 
𝑘2 

(g/µg.h) 

1 0.3 ± 

0.1 

3.5 ± 

0.6 

0.6 ± 

0.1 

2.3 ± 

1.8 

1.6 ± 

0.4 

132 ± 

15 

R2 0.5 0.8 0.9 0.9 0.3 0.9 0.9 

Intra-particle 

diffusion 
𝑘𝑑  

(µg/g.h0.5) 

1.6 ± 

0.8 

0.7 ± 

0.2 

0.1 ± 

0.06 

0.2 ± 

0.03 

0.08 ± 

0.01 

0.07 ± 

0.01 

0.005 ± 

0.001 

R2 0.3 0.5 0.4 0.7 0.8 0.9 0.5 

 

9.2 Fitting parameters of the adsorption models 

Influence of PBSAC size on adsorption–kinetic parameters 

The second-order kinetics constants and R2 values of GLY and AMPA adsorption by PBSAC at 

different sizes are shown in Table 9.3 to determine the impact of activation on the kinetics of the 

adsorption. 
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Table 9.3: Second-order kinetics constants and R2 values of GLY and AMPA adsorption by PBSAC at different 

activation levels. 

PBSAC size (µm) 78 200 380 450 475 580 625  

GLY 𝑘2 

(g/µg.h) 

52 ± 29 2.1 ± 

0.9 

2.5 ± 

0.9 

1.8 ± 

0.6 

2.1 ± 

0.6 

0.7 ± 

0.2 

0.7 ± 

0.2 

R2 0.1 * 0.69 0.7 0.7 0.8 0.9 0.9 

AMPA 𝑘2 

(g/µg.h) 

20 ± 10 0.6 ± 

0.1 

0.3 ± 

0.1 

0.10 ± 

0.06 

0.10 ± 

0.06 

0.40 ± 

0.08 

0.6 ± 

0.1 

R2 0.2 * 0.95 0.9 0.8 0.8 0.9 0.9 

* R2 is low because the data points are on a horizontal line, as the adsorption equilibrium was 

reached in less than 5 min. 

The kinetic rate constant (𝑘2) is high with PBSAC 78 µm as adsorption equilibrium was 

achieved in less than 10 min, and shows insignificant trend with PBSAC sizes of 200‒625 µm 

(𝑘2 varied at around 0.5‒3 g/µg.h for GLY and 0.05‒0.7 g/µg.h for AMPA). 

Influence of PBSAC activation level and internal surface on adsorption–kinetic parameters 

The second-order kinetics constants and R2 values of GLY and AMPA adsorption by PBSAC at 

different activation levels are shown in Table 9.4 to determine the impact of activation on the 

kinetics of the adsorption. 

Table 9.4 Second-order kinetics constants and R2 values of GLY and AMPA adsorption by PBSAC at different 

activation levels 

Activation level  A1 A2 A3 A4 A5 A6 

GLY 𝑘2 

(g/µg.h) 

- 4 ± 1 3.2 ± 1.9 0.5 ± 0.2 0.4 ± 0.1 0.3 ± 0.1 

R2 - 0.8 0.4 0.8 0.9 0.9 

AMPA 𝑘2 

(g/µg.h) 

152 ± 

120 

0.3 ± 0.1 1.7 ± 0.5 0.20 ± 

0.04 

0.2 ± 0.1 0.07 ± 

0.02 

R2 0.07 * 0.91 0.85 0.94 0.87 0.94 

* R2 is low because the data points are on a horizontal line, as the adsorption equilibrium was 

reached in less than 5 min. 

It can be seen that 𝑘2 decreased with the increase of activation levels, which means the adsorp-

tion was slower. 

Table 9.5: Intra-particle diffusion kinetics constants and R2 values of GLY and AMPA adsorption by PBSAC at 

different activation levels 

Activation level A1 A2 A3 A4 A5 A6 

GLY 𝑘2 

(g/µg.h) 

0.003 ± 

0.002 

0.1 ± 

0.02 

0.2 ± 

0.005 

0.3 ± 

0.02 

0.3 ± 

0.03 

0.4 ± 

0.02 

R2 0.07 * 0.8 0.9 0.9 0.9 0.9 

AMPA 𝑘2 

(g/µg.h) 

−0.01 ± 

0.01 

0.08 ± 

0.005 

0.1 ± 

0.01 

0.2 ± 

0.01 

0.2 ± 

0.01 

0.3 ± 

0.01 

R2 0.05 * 0.9 0.8 0.9 0.9 0.9 

* R2 is low because the data points are on a horizontal line, as adsorption equilibrium was 

reached in less than 5 min. 
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Meanwhile, the adsorption kinetics start to fit with intra-particle diffusion and rate constants, 

𝑘𝑑, increase with the higher activation level (higher internal surface area).  

9.3 Theoretical adsorption of UF–PBSAC 

The theoretical maximum adsorbed mass of GLY and AMPA to different PBSAC sizes (78–625 

µm) was calculated.  

Table 9.6: Theoretical GLY and AMPA mass adsorption monolayer with different PBSAC sizes. 

Particle size (µm) 78  200 380 475 580 625 

Mass in 2 mm thick UF–

PBSAC layer (g) 

3.9 3.4 3.4 3.6 3.4 3.8 

Total surface area (according 

to BET model for Ar adsorp-

tion) (m2)  

4831 4882 4913 4913 5131 1692 

External surface (presuming 

particle porosity 0.4) in m2 

[207]  

217 88 47 41 34 27 

Internal surface in m2  4614 4794 4866 4872 5097 4665 

Theoretical GLY maximum 

adsorbed mass monolayer 

(mg) 

4509 4557 4585 4585 4789 4379 

Theoretical AMPA maxi-

mum adsorbed mass mono-

layer (mg) 

4742 4792 4822 4822 5035 4603 

 

The theoretical GLY and AMPA maximum adsorbed mass by UF–PBSAC was >4500 mg for 

all PBSAC sizes. Compared with the observed GLY and AMPA mass adsorbed in this study, 

the maximum adsorbed mass was lower than the theoretical maximum adsorbed mass. The 

theoretical maximum adsorbed mass of GLY and AMPA to different PBSAC layer thicknesses 

could be estimated in Table 9.7. 
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Table 9.7: Theoretical GLY and AMPA mass adsorption monolayer with different PBSAC layer thickness.  

PBSAC layer thickness (g/L) 1 2 3 4 5 6 

Total surface area (according to 

BET model for Ar adsorption) 

(m2) 

1680 4882 7381 9850 12292 14762 

External surface (presuming parti-

cle porosity 0.4) in m2 [207] 

30 88 133 178 222 267 

Internal surface in m2 1650 4794 7248 9672 12070 14495 

Theoretical GLY maximum ad-

sorbed mass at the external surface 

(mg) 

28 82 125 166 207 249 

Theoretical GLY maximum ad-

sorbed mass at the internal surface 

(mg) 

1540 4475 6764 9029 11266 13530 

Theoretical GLY mass adsorption 

monolayer (mg) 

1568 4557 6889 9195 11473 13779 

Theoretical AMPA maximum 

adsorbed mass at the external 

surface (mg) 

30 87 131 175 218 262 

Theoretical AMPA maximum 

adsorbed mass at the internal 

surface (mg) 

1619 4705 7113 9494 11847 14227 

Theoretical AMPA mass adsorp-

tion monolayer (mg) 

1649 4792 7244 9669 12065 14489 

 

The amount of GLY and AMPA in water (900 ng) was much lower than that which could be 

theoretically adsorbed by PBSAC (> 1500 mg). Therefore, the total PBSAC surface was not 

likely a limiting factor to GLY/AMPA adsorption. 

 

9.4 Filtration protocol 

The filtration protocol for three filtration system were summarized in Table 9.8, Table 9.9, and 

Table 9.10. 
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NF filtration protocol 

Table 9.8: NF membrane filtration protocol 

No. Step Conditions (duration, volume, 

pressure, flow…) 

Justification 

1 Membrane 

conditioning 

Soaking the membrane coupon in 

NaCl 10 mM solution for 1 hour 

Soaking in NaCl enhances opening of the pores 

and swelling of the active layer due to the 

interaction of electrolytes with the polyamide 

layer [368]. 

2 Mounting the 

membrane in the 

cell 

Mount the membrane coupon at the 

bottom of the cell with the shiny 

side facing the inside of the cell 

The shiny side is the active layer of the mem-

brane and must be in contact with the feed 

solution within the membrane cell 

3 Fixing the 

pressure 

Open the pressure gauge and adjust 

the pressure at 9.6 bar. Close the 

pressure valve on the top of the cell 

and open the manual on-off valve 

to allow the synthetic air to flow 

within the cell 

 

4 Compaction Filtration of MilliQ water for 1 

hour at 9.6 bar 

Membrane is fully wet by water and adjusted to 

operate at the maximum pressure of the experi-

mental protocol (highest operative pressure of 

the stirred cell is 10 bar) 

5 Pure Water Flux 

(before) 

Filtration of MilliQ water for 20-30 

minutes at the pressure 1, 5, and 

9.6 bar 

Measure membrane permeability.  

7 Remove water 

from the bottom 

of the cell 

Use a syringe to take out remaining 

water in the plastic tube of the 

permeate and bottom of the cell 

The residual water in the bottom of the cell 

dilutes the hormone concentration in the initial 

permeate  

6 Filtration of 

hormone solution 

GLY/AMPA concentration in the 

permeate is measured at different 

flux values.  

Fixed stirrer speed: 400  

 

Feed volume: 800 mL 

 

Sample: collect 5 permeate samples 

of 20 mL each (until 100 mL), then 

5 permeate samples of 100 mL 

each 

 

Temperature: 22.1 (±0.5) °C 

Feed composition: 1000 ng/L 

GLY/AMPA in a background 

solution (10 mM NaCl, 1 mM 

NaHCO3)  

 

Filtration time: after filtering 600 

mL 

Breakthrough curve phenomenon is observed in 

NF due to adsorption of GLY/AMPA on the 

membrane until saturation equilibrium is 

reached. This adsorption results in variable 

GLY/AMPA retention as diffusion through the 

membrane occurs after membrane saturation .  

7 Remove the 

pressure within 

the cell and 

empty the cell 

Close the on-off valve and open the 

pressure valve; and let the remain-

ing synthetic air to flow out; when 

the pressure is zero in the pressure 

close all the valves and dismount 

the cell; take the retentate (about 

100 mL) to measure conductivity 

and fill the cell with MilliQ water 

(about 400 mL) 

 

8 Pure Water Flux 

(after) 

Filtration of MilliQ water for about 

20-30 minutes at the same pressure 

used before the experiment 

Compare permeability before and after the 

filtration experiments. In this protocol permea-

bility does not change  

 



 

147 

UF–PBSAC filtration protocol 

Table 9.9: UF–PBSAC membrane filtration protocol 

No. Step Conditions (duration, volume, 

pressure, flow…) 

Justification 

1 Membrane 

conditioning 

Soaking the membrane coupon in 

Milli-Q solution for 1 hour 

 

2 Prepare PBSAC 

layer 

Put the stainless steel porous 

‘rings’ with the suitable thickness 

in on the porous support in the 

bottom part of the stirred cell. 

Weight PBSAC and load on them 

on the porous support.  

 

2 Mounting the 

membrane in the 

cell 

Mount the membrane coupon at the 

bottom of the cell with the shiny 

side facing the inside of the cell 

The shiny side is the active layer of the mem-

brane and must be in contact with the feed 

solution within the membrane cell 

3 Fixing the 

pressure 

Open the pressure gauge and adjust 

the pressure at 1.4 bar. Close the 

pressure valve on the top of the cell 

and open the manual on-off valve 

to allow the synthetic air to flow 

within the cell 

 

4 Compaction Filtration of MilliQ water for 1 

hour at 1.4 bar 

Membrane is fully wet by water and adjusted to 

operate at the maximum pressure of the experi-

mental protocol  

5 Pure Water Flux 

(before) 

Filtration of MilliQ water for 20-30 

minutes at the pressure 1, 3, and 5 

bar 

Measure membrane permeability.  

7 Remove water 

from the bottom 

of the cell 

Use a syringe to take out remaining 

water in the plastic tube of the 

permeate and bottom of the cell 

The residual water in the bottom of the cell 

dilutes the hormone concentration in the initial 

permeate  

6 Filtration of 

hormone solution 

GLY/AMPA concentration in the 

permeate is measured at different 

flux values.  

 

Feed volume: 700 mL 

 

Sample: 6 permeate samples of 100 

mL each 

 

Temperature: 22.1 (±0.5) °C 

Feed composition: 1000 ng/L 

GLY/AMPA in a background 

solution (10 mM NaCl, 1 mM 

NaHCO3)  

 

Filtration time: after filtering 600 

mL 

Breakthrough curve phenomenon is observed in 

NF due to adsorption of GLY/AMPA on the 

membrane until saturation equilibrium is 

reached. This adsorption results in variable 

GLY/AMPA retention as diffusion through the 

membrane occurs after membrane saturation 

[445-448].  

7 Remove the 

pressure within 

the cell and 

empty the cell 

Close the on-off valve and open the 

pressure valve; and let the remain-

ing synthetic air to flow out; when 

the pressure is zero in the pressure 

close all the valves and dismount 

the cell; take the retentate (about 

100 mL) to measure conductivity 

and fill the cell with MilliQ water 

(about 400 mL) 

 

8 Pure Water Flux 

(after) 

Filtration of MilliQ water for about 

20-30 minutes at the same pressure 

used before the experiment 

Compare permeability before and after the 

filtration experiments. In this protocol permea-

bility does not change  
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Photocatalytic filtration protocol 

Table 9.10: Protocol for the photocatalytic filtration 

No Step Conditions Justification 

1 Mounting of 

membrane sample  

Put membrane (2.5 cm diameter) onto the 

bottom part of a stainless-steel membrane cell. 

Close the cell and tighten the screws using 2 

N.m torque wrench.   

 

2 Purging/ flushing 

the pump 

Run with Milli-Q water at 500 mL/min for 10 

s with purge valve of the pump open and 

valve on the pump outlet (towards the mem-

brane cell) closed.   

Prevent pump clogging  

3 Flushing Run with Milli-Q water at 100 mL/min for 2 

min with retentate valve open (cross-flow).  

Remove air bubbles which can 

interfere with sensors.  

4 Preconditioning 

membrane 

Run with Milli-Q water at 10 mL/min for 10 

min with retentate valve closed (dead-end) 

Pre-compaction of the membrane at 

the highest operative flow rate to 

obtain stable flux during filtration. 

5 Pure water flux Run with Milli-Q water at different flow rate 

(5, 2, 1, 0.5, and 0.2 mL/min) for 5 min and 

collect the pressure data.  

Permeability test 

6 Prepare solar 

simulator* 

Switch on the chiller, controller, and PC. 

Adjust the intensity of the selected spectrum 

in the WAVELABS software. Set the duration 

and activate the recipe.  

Since the light engine performance 

decreases with time, intensity adjust-

ment is done before every experiment.  

7 Flush the pump 

with GLY-AMPA 

solution 

Switch feed tank, run with GLY-AMPA 

solution at 100 mL/min for 30 sec with purge 

valve of the pump open and valve on the 

pump outlet closed.   

Eliminate the remained water in the 

pump and change with GLY-AMPA 

solution.  

8 Adsorption in dark 

phase 

Run with light off for 100 mL (50 min at 2 

mL/min standard condition), taking samples at 

points 10, 20, 40, 60, and 100 mL. Sample 

volume is 2 mL.  

Filtration until the equilibrium is 

reached, as possible adsorption leads 

to unsteady trend at the early stages of 

filtration. 

9 Degradation with 

light 

Switch the light on (by starting the recipe) and 

run for 600 mL (300 min at 2 mL/min), taking 

samples at points 102, 108, 125, 175, 250, 

375, 500, 600, 650, and 700 mL. Sample 

volume is 2 mL.   

Shorter intervals are chosen in the 

beginning to record the rapid change 

of permeate concentration, while 

larger intervals are chosen in the more 

stable conditions. 

10 Purging, flushing, 

and pure water flux 

Repeat steps 2, 3, and 5 with Milli-Q water. Pure water flux after filtration is to see 

if there is membrane fouling or 

modification.    

11 System cleaning Flushing the samples line with Milli-Q water 

at 10 mL/min for 2 min and then drying with 

air.   

Remove the sample residues and 

eliminate remained water in tubes. 

*For new spectrum (400–1150 nm), spectral calibration and manual calibration of the light intensity are performed 

after creating the spectrum and corresponding recipe. All these steps are performed before starting the experiment.  
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