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Wastewater treatment (WWT), from domestic or industrial origin, is becoming more and more 

difficult due to the presence of many molecules hard to remove, especially for emerging contaminants. 

Emerging contaminants have been reported to cause adverse ecological or human health effects; thus, 

it is necessary to remove them from the environment. 

Many technologies can be used to treat emerging contaminants, such as filtration, adsorption, 

biological process and advanced oxidation processes (AOPs). In order to enhance the overall 

efficiency of the pollutants degradation, it seems interesting to combined the advantages of several 

processes. This work is included in a project aiming at the development of combination of and 

oxidation process, to increase the biodegradability, and a biological process. The general objective is 

also to treat principally effluent for the industry, at different scales, and hence to have at the end a 

compact process. The compacity for oxidation is to use wet air oxidation conditions (high pressure, 

high temperature) in a microfluidic system, in order to decrease the constraint of pressure and 

temperature. The compacity for biological process in to develop a packed bed biological reactor. 

Moreover, in order to take profit of the high temperature at the exit of the wet air oxidation step, it is 

envisaged to use thermopholic bacteria. 

This thesis is part of this global process, and proposes to study part of the system developed in 

this project. More precisely, the oxidation part will be developed in a microfluidic system, and the 

the effluent will be then tested in a classical biological treatment. In order to study this process 

combination, it is necessary to chose a model molecule. 

Among emerging contaminants, glyphosate, a most widely used herbicide in the world, is chosen 

as the research object due to its frequently both use in France and China. The application of glyphosate 

has achieved up to over 850 thousand tons, among these 25% used in Europen and 35% used in China 

and India. In 2017, the French government rejected a European Commission decision to reapprove 

the used of glyphosate for five years and planed to ban the product within three years. However, it is 

reported to be impossible to find an alternative for these short time which is both economically viable 

and environmental friendly. Due to the intensive use of glyphosate, it has frequently been detected in 

the aqueous environment and could cause harmful effects to the plant, animal and human health. 

Conventional methods (adsorption, filtration, and biological treatment) and advanced oxidation 

processes (AOPs) have been applied to treat glyphosate-containing wastewater. The conventional 

methods generally need post-treatment (adsorption or filtration) or a long residence time (biological 

treatment). AOPs tend to be difficult for complete chemical mineralization of glyphosate due to the 

formation of the oxidation intermediates. Thus, a more effective, safe and affordable technology is 

needed to degrade glyphosate from aqueous environment. The combination of WAO and biological 
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processes is a promising treatment technology for organic compounds with high degradation and 

mineralization efficiency, considering environmental and economic advantages.  

Consequently, the aim of this thesis is to develop a new effective treatment for glyphosate from 

wastewater by a combined system coupling WAO and biological treatment at laboratory scale. To 

evaluate the combined process, it is necessary to study step by step the WAO process, the biological 

process and then the combination. Therefore, the manuscript is mainly composed of seven parts: 

Chapter 1 focuses on the bibliographic study. An overview of emerging contaminants, especially 

glyphosate is presented, including its occurrence and behavior in the Environment. Different 

treatments for glyphosate from wastewater are discussed in terms of their advantages and 

disadvantages, as well as the influencing parameters and possible degradation pathways. Meanwhile, 

the application, reaction mechanisms, reactions kinetics and mass transfer of WAO for organic 

contaminants are reviewed. Then, a review of combine processes coupling AOPs and biological 

treatment used for organic compounds is presented. Finally, a short overview on the current research 

status of microfluidic device is shown. 

In Chapter 2, in order to evaluate the mass transfer for WAO process, a bubble column was used 

to investigate bubble hydrodynamic, including bubble size distribution and gas-liquid interfacial area 

as a function of gas and liquid superficial velocity, pressure, temperature and different gases (N2 and 

He) and liquids (water and ethanol/water mixture) mixtures. Two correlations for bubble average size 

and gas holdup were proposed in order to predict mass transfer phenomena in WAO process. 

Chapter 3 focused on the kinetics of glyphosate degradation via WAO process in a batch reactor. 

A first-order equation was used to fit experimental data. The possible intermediates of the reaction 

and main end products of glyphosate degradation were identified and quantified in the aim of 

proposing a degradation scheme of glyphosate oxidation. 

Chapter 4 is concerned with microfluidic devices used for WAO process to treat glyphosate-

containing wastewater. The effects of residence time and temperature were discussed through 

comparing the reduction of glyphosate, total organic carbon (TOC) and chemical oxygen demand 

(COD). Experimental data were well fitted with a first-order kinetics model. 

In Chapter 5, an acclimation process for activated sludge was performed in order to improve 

glyphosate biodegradation. Removal kinetics and oxygen uptake rate were investigated. Meanwhile, 

a possible biodegradation pathway of glyphosate by acclimated activated sludge was proposed. 

In Chapter 6, the degradation of glyphosate by an integrated WAO-biological treatment process 

was investigated. Glyphosate, TOC and COD removal for each process and then combined process 
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were studied. A possible degradation pathway of glyphosate by the combined process was finally 

proposed. 

Finally, the main conclusions achieved in the present thesis were summarized at the end of the 

document as well as the perspectives of the work. 

This thesis is a compilation of several articles, submitted or to be submitted. 

Chapter 1: the bibliographical study. It has been submitted to “Water research” by 18 July, 2019 

(Dan FENG, Audrey SORIC, Olivier BOUTIN) in a shorter version: “Treatment technologies and 

degradation pathways of glyphosate: A critical review.” The version submitted is given in annex 1. 

Chapter 2: “Bubble characterization and gas-liquid interfacial area in two phase gas-liquid 

system in bubble column at low Reynolds number and high temperature and pressure”. It has been 

published in “Chemical Engineering Research and Design” (Dan FENG, Jean-Henry FERRASSE, 

Audrey SORIC, Olivier BOUTIN. Volume 144, April 2019, Pages 95-106. DOI: 

https://doi.org/10.1016/j.cherd.2019.02.001). 

Chapter 3: “Kinetic study of glyphosate degradation by a wet air oxidation process”. It has been 

submitted to “Chemosphere” by 20 Auguest, 2019 (Dan FENG, Laure MALLERET, Audrey SORIC, 

Olivier BOUTIN). 

Chapter 5: “Acclimation of aerobic activated sludge degrading glyphosate and its biodegradation 

kinetics”. It will be submitted to “Bioresource Technology” (Dan FENG, Laure MALLERET, 

Guillaume CHIAVASSA, Olivier BOUTIN, Audrey SORIC). 

The other chapters will be submitted to other journals.  

In this manuscript, in order to be clear and avoid some repetitions, all the references are given 

once at the end of the manuscript. 
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1.1 Background 

1.1.1 Overview of emerging contaminants 

Wastewater treatment (WWT) is a severe worldwide problem, which urgently requires different 

and effective proposals. Liquid aqueous wastes, from domestic or industrial origin, are becoming 

more and more complex for their treatment, due to the presence of many molecules difficult to remove, 

especially in case of emerging contaminants. They are defined as natural or synthetic chemicals which 

are not commonly found in the environment but has potential to enter the Environment and are known 

or suspected to ecological or human health effects (Geissen et al., 2015). Emerging contaminants 

include many types of contaminants such as pesticides and herbicides, pharmaceuticals, personal care 

products, plasticizers, fragrances, flame retardants, hormones, nanoparticles, water treatment by-

products, surfactants and so on (Sauvé and Desrosiers, 2014). Since 2016, more than 1,000 emerging 

contaminants have been listed to be present in the European aquatic environment (“Emerging 

substances | NORMAN,” n.d.). Emerging contaminants are currently not included in routine 

monitoring programs at the European level and their behavior, fate and (eco)toxicological effects are 

often not well known (Geissen et al., 2015). Due to the rapid increase of use in industry, agriculture, 

transport, and urbanization, these compounds are entering the Environment with increasing levels as 

hazardous wastes and nonbiodegradable substances (Gavrilescu et al., 2015; Lei et al., 2015). These 

compounds can be released to the Environment from a lot of sources and pathways (Fig. 1.1): 

industrial effluents (e.g. manufacturing plants, food processing plants, hospitals), domestic effluents, 

wastewater treatment plants from urban or industrial areas, combined sewage-storm-water overflows, 

waste disposal sites (landfill, industrial impoundments, farm waste lagoons), septic tanks and 

agricultural runoff (Lapworth et al., 2012). 

Due to their persistence in the environment, these chemicals can lead to bioaccumulation and 

biomagnification through food/drink intake in living organisms (Poynton and Vulpe, 2009). These 

compounds can cause endocrine disruption by mimicking, blocking or also disrupting the function of 

hormones. In addition, some chemicals have risks of carcinogenicity, mutagenicity, and 

teratogenicity (Bolong et al., 2009). Some of the selected emerging contaminants and their adverse 

effects are shown in Table 1.1 (Bolong et al., 2009).  
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Fig. 1.1 Schematic pathways for emerging contaminants from sources to receptors (Lapworth et al., 2012) 

 

Among these emerging contaminants, due to the development of modern agriculture, the use of 

pesticides has significantly increased productivity. Many pesticides remain partitioned in the aqueous 

Environment due to their relatively high-water solubility. Currently, pesticides and their metabolites 

are often detected in water sources and wastewater effluents at high concentrations (Postle et al., 2004; 

Lapworth and Gooddy, 2006; Gavrilescu et al., 2015). It has been reported that pesticides have 

significant chronic health effects, including neurological effects, diabetes, fetal diseases, respiratory 

diseases, neurological effects, cancer, and genetic disorders. Effectively removing pesticides from the 

aqueous environment has been a research hotspot. Thus, in this work, glyphosate which is the most 

widely used pesticide in the world has been chosen as a model molecule to study the removal 

efficiency by a compact process coupling wet air oxidation and biological processes. 
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Table 1.1 Adverse effects of emerging contaminants (Bolong et al., 2009) 

Emerging contaminants Adverse effects 
Pesticides Dichloro-diphenyl-trichloroethane (DDT): an insecticide which causes hormonal effect (shinning of eggshells, damage male 

reproductivity and behavioral changes) (Colborn, 1995) 
Lindane: an organochlorine pesticide which leads to vitellogenin and zona radiate (eggshell protein) in liver cells of Atlantic 
Salmon (Celius et al., 1999) 
Prochloraz: a fungicide that can affect pituitary weight  (McKinney and Waller, 1994) 
Propiconazole: a fungicide that influences steroid metabolism (McKinney and Waller, 1994) 
Tridemorph: a fungicide that can cause cystic ovaries  (McKinney and Waller, 1994) 

Bisphenol A—used in epoxy resin and polycarbonate 
plastics (in food and drink packaging) 

Estrogenic effects in rats and hormonal effects (Dodds and Lawson, 1938) which increase breast cancer risk in human  
(Krishnan et al., 1993) 

Butylated Hydroxyanisole — used as a food 
antioxidant 

Estrogenic to breast cancer cells, rainbow trout estrogen receptor and stimulates human estrogen receptor  (Jobling et al., 
1995) 

Alkylphenols (ie nonylphenol)—used in detergents Mimicking estrogen and disturbing reproduction by increasing the number of eggs produced by Minnos and vitellogenin 
levels  (ENDS, 1999) 

Phthalates—used as plasticizers in plastic, PVC baby 
toys, flooring 

Exposure to high levels reported to cause miscarriage and pregnancy complication  (IEH, 1995) 

Polychlorinated biphenyls — used in electrical 
equipment (capacitors and transformers) 

The metabolites able to mimic estradiol (female hormone)  (Jacobson and Jacobson, 1997) and cause carcinogenic  (IEH, 
1995). Exposure was reported to cause delayed brain development and IQ decrease in children  (Routledge et al., 1998) 

Estrone and 17-β estradiol (steroidal estrogens) and 
17- α ethynylestradiol (synthetic contraceptive)—
contained in contraceptive pills 

Cause feminization which observed for fish in sewage treatment (Witte, 1998). The discharge causes mimicking 
estrogen/hormone effect to non-target. 

Antibiotics (such as penicillin, sulfonamides, 
tetracyclines) 

Shown to cause resistance among bacterial pathogens  (Witte, 1998), that lead to altered microbial community structure in 
nature and affect higher food chain  (Daughton and Ternes, 1999) 

Fragrances (musk) Musk ambrette may damage the nervous system  (KIRSCHNER, 1997)   

Preservatives, i.e., parabens (alkyl-
phdroxybenzoate) — used for anti-microbiological 
preservatives in cosmetics, toiletries and even foods 

Shows weak estrogenic activity  (Routledge et al., 1998) 

Disinfectants/antiseptics, i.e., triclosan — used in 
toothpaste, handsoaps, acne cream 

Found in the receiving waters  (Okumura and Nishikawa, 1996), that cause toxic, biocide (kill microorganism) and also 
cause bacteria resistance development towards triclosan  (McMurry et al., 1998) 
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1.1.2 Overview of glyphosate 

Glyphosate (N-(phosphonomethyl)glycine, C3H8NO5P, Fig. 1.2, Table 1.2) is a nonselective 

broad-spectrum herbicide used in agriculture to control many annual and perennial weeds (Waiman 

et al., 2012). Glyphosate is the most extensively used herbicide in agricultural, forestry and urban 

setting in the world, due to its high ability to control weeds and its low toxicity (da Silva et al., 2011; 

Zhang et al., 2011). Glyphosate is a biosynthesis inhibitor of essential aromatic amino acids, resulting 

in various metabolic disorders, which include the deregulation of the shikimate pathway and the 

suspension of protein synthesis, leading to general metabolic disruption and the plant death (Oliveira 

et al., 2012). Glyphosate interrupts aromatic amino acid biosynthesis in plants through inhibiting the 

enzymes 5-enolpyruvylshikimate-3-phosphate synthase or 3-deoxy-D-arabino-heptulosonate-7-

phosphate synthase, which is a precursor for aromatic amino acids, ultimately hormones, vitamins 

and other important metabolites for plants (Kataoka et al., 1996). The mechanism of inhibition effect 

which has been reported is that the binding site for glyphosate overlaps closely with the binding site 

of shikimate 3-phosphate (Helander et al., 2012) (Fig. 1.3).  

 

Fig. 1.2 The structure of glyphosate 

Table 1.2 Chemical and physical properties of glyphosate 

Properties Values Units 
Molecular weight 169.07 g.mol-1 
Physical state White solid - 
Odor Odorless - 
Density 1.704 g.cm-3 
pKa 0.78 (first proton phosphonate group) 

2.29 (proton of the carboxyl group) 
5.96 (second phosphonate proton) 
10.98 (proton of the amino group) 

- 

Melting point 184.5 ℃ 
Boiling point 187 ℃ 
Solubility (20℃) 1.01 g glyphosate/100 mL H2O 
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Fig. 1.3 Inhibition process of shikimate acid pathway and inhibition role of glyphosate (Helander et al., 
2012) 

Glyphosate is available in various chemical forms, such as ammonium salt, diammonium salt, 

isopropylamine salt, dimethylammonium salt, and potassium salt (Benbrook, 2016; Gillezeau et al., 

2019). Glyphosate mixed with other chemicals known as “inert ingredients” constitutes glyphosate-

based herbicides (Benbrook, 2016; Gillezeau et al., 2019). Fig. 1.4 shows the glyphosate use 

worldwide from 1994 to 2015 and by regions in 2014 (available fromμ “Glyphosate Market Share, 

Size - Industry Trends Report 2024,” n.d., “Glyphosate use worldwide 1λλ4-2014 | Statistic,” n.d.; 

“Glyphosate Market Analysis, Size, Share and Forecasts - 2022 | MarketsandMarkets,” n.d.). 

Generally, glyphosate-based herbicides are used in the preparation of soils for sowing and in corp 

areas with its sprayed applications from 6.7 to 8.9 kg.ha-1 and from 0.53 to 1.0 kg.ha-1, respectively 

(Giesy et al., 2000; Benbrook, 2016; Villamar-Ayala et al., 2019). These herbicides are also used to 

control annual perennial species (agriculture), invasive vegetation (forestry), and aquatic algae 

(aquaculture) during the post-harvest activities with the applications up to 0.84 kg.ha-1 of its acid 

equivalent (active ingredient) (Giesy et al., 2000; Duke and Powles, 2008; Villamar-Ayala et al., 

2019). 
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Fig. 1.4 Glyphosate use worldwide from 1994 to 2015 (in million kilograms) (fromμ “Glyphosate Market 
Share, Size - Industry Trends Report 2024,” n.d., “Glyphosate use worldwide 1λλ4-2014 | Statistic,” n.d.; 

“Glyphosate Market Analysis, Size, Share and Forecasts - 2022 | MarketsandMarkets,” n.d.) 

Due to the intensive use and accumulation of glyphosate in the environment, some harmful 

effects of glyphosate have been reported for plant, animal and human health. Glyphosate weakened 

plant system, decreased photosynthesis and caused cell damage (Huber et al., 2005; Gomes et al., 

2016; Van Bruggen et al., 2018). Authors reported that glyphosate suppressed the 

acetylcholinesterase activity, disturbed the metabolism and may cause DNA or liver damage both for 

terrestrial and aquatic animals (Menéndez-Helman et al., 2012; Sandrini et al., 2013; Kwiatkowska 

et al., 2014, 2017; Mesnage et al., 2015; Cattani et al., 2017). Although humans are not a direct target 

for glyphosate, humans could contact glyphosate due to occupational exposure by agricultural 

practices (Acquavella et al., 2004; Paz-y-Miño et al., 2007) or through the food chain (Wigfield and 

Lanouette, 1990; McQueen et al., 2012). Glyphosate has been reported to cause cell and DNA damage 

and endocrine disruption to humans (Richard et al., 2005; Paz-y-Miño et al., 2007; Benachour and 

Séralini, 2009; Mesnage et al., 2015). In 2015, the International Agency for Research on Cancer 

(IARC) classified glyphosate as “probably carcinogenic to humans”, while authors disagree on this 

conclusion which require further research (Andreotti et al., 2018). Numerous studies and reviews 

have been reported on the adverse effects of glyphosate and glyphosate-based formulations on plants, 

animals and human (Tsui and Chu, 2003; Vendrell et al., 2009; Vera et al., 2010; Kier and Kirkland, 

2013; Tarazona et al., 2017). Acute toxicity tests show that the 96-hour LD50 of glyphosate ranged 

from 2.3 to 150 mg.L-1 for different fish species (Armiliato et al., 2014; Sandun et al., 2015; Rodrigues 

et al., 2017; Vajargah et al., 2018). Therefore, glyphosate removal from the environment is a priority 

and needs to be addressed promptly. 

1.2 Occurrence, behavior, and fate of glyphosate in aqueous environment 

Glyphosate containing herbicides may contaminate the environment after application. Fig. 1.5 

(Helander et al., 2012) shows glyphosate accumulation and transport in the environment. First, 

through air spraying, glyphosate can directly enter atmosphere environment, with concentration in air 
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up to 0.48 g.L-1 (Helander et al., 2012; Villamar-Ayala et al., 2019). Then, through wind or rain, 

glyphosate reaches the target organisms by foliar contact or the soil (Villamar-Ayala et al., 2019). In 

the target plant, glyphosate is first absorbed by foliage and then translocated to the shoots and roots 

via the phloem (Helander et al., 2012). Without degradation in the plant, large root systems of some 

weeds transport glyphosate into deep soil layers (Laitinen et al., 2007; Helander et al., 2012). A part 

of glyphosate which enters the soil through rain, wind or transportation by root of the plant may stay 

at the soil surface. Glyphosate can be adsorbed to organic matter and clay of soils, resulting in its 

accumulation in soils over time (Cassigneul et al., 2016; Okada et al., 2016; Sidoli et al., 2016; Van 

Bruggen et al., 2018). As glyphosate possesses three polar functional groups (amino, carboxyl and 

phosphonate groups), it can be strongly adsorbed by soil minerals (Borggaard and Gimsing, 2008). 

Glyphosate mobility in the soil depends on the adsorption and desorption processes which related to 

soil characteristics and other environmental conditions (Helander et al., 2012; Villamar-Ayala et al., 

2019). Microbial degradation is the most important transformation process to determine the 

persistence of glyphosate in the soil (Aparicio et al., 2013a). Glyphosate can be degraded to 

aminomethylphosphonic acid (AMPA) or sarcosine as primary metabolite under aerobic and 

anaerobic conditions by the microflora in the soil/sediment (Ermakova et al., 2010; Aparicio et al., 

2013). The AMPA pathway is the main microbial process, whereas the sarcosine pathway is only 

found in pure microbial culture (Vereecken, 2005; Villamar-Ayala et al., 2019). Glyphosate has been 

reported to have a soil half-life between 2 and 215 days (Battaglin et al., 2014; Maqueda et al., 2017). 

Due to the runoff, such as rain and erosion, glyphosate and AMPA can be transferred into surface 

water (Wang et al., 2016; Maqueda et al., 2017; Rendon-von Osten and Dzul-Caamal, 2017).  

 

Fig. 1.5 Glyphosate accumulation and transport in the environment (from Helander et al., 2012) 
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Glyphosate is highly water soluble and can be mobile in aqueous environment (Veiga et al., 

2001). The mobility of AMPA is found 1.6 to 4.0 times higher than glyphosate  (Coupe et al., 2012; 

Villamar-Ayala et al., 2019). Thus, glyphosate and AMPA are frequently detected in surface or 

groundwater (Table 1.3). Table 1.3 shows that glyphosate has been detected in river water and stream 

water with the concentration range of 2-430 g.L-1 in the USA, which is at higher levels than in 

Europe. In areas of the USA, genetically modified glyphosate-resistant crops are grown, thus 

glyphosate and AMPA occur widely in soil, surface, and groundwater (Battaglin et al., 2014). 

However, in Europe, growing genetically modified crops is not allowed yet, which makes glyphosate 

to be detected in various water sources at lower levels (Van Bruggen et al., 2018). It is also reported 

that glyphosate can be detected in air and rain during the crop growing season and in water from 

spring snowmelt (Battaglin et al., 2009, 2014; Chang et al., 2011). Ultimately, glyphosate enters to 

the seawater with high persistence (Mercurio et al., 2014; Van Bruggen et al., 2018). 

Table 1.3 Glyphosate occurrence and concentration in surface or groundwater samples in several countries in 
North America, South America, and Europe (Van Bruggen et al., 2018) 

Country Date Glyphosate occurrence and concentrations Refer. 
Canada 2002 22% of samples positive, up to 6.07 g.L-1 (Humphries et al., 2005) 

US (Midwest) 2002 
36% of stream samples positive, up to 8.7 g.L-

1 
(Battaglin et al., 2005) 

US (Midwest) 
 

2013 
44% of steam samples positive, up to 
27.8 g.L-1 

(Mahler et al., 2017) 

US (Washington, Maryland, 
Iowa, Wyoming) 
 

2005-2006 All streams positive, up to 328 g.L-1 (Battaglin et al., 2009) 

US (Iowa, Indiana, 
Mississippi) 

2004-2008 
Most rivers positive, up to 430 g.L-1 after a 
storm 

(Coupe et al., 2012) 

Mexico 2015 
All groundwater samples positive, up to 
1.42 g.L-1 

(Rendon-von Osten and 
Dzul-Caamal, 2017) 

Argentina 2012 
35% of surface water samples positive, 0.1-
7.6 g.L-1 

(Aparicio et al., 2013a) 

Germany 1998 
Few positive samples in two tributaries to the 
Ruhr river, up to 0.59 g.L-1 

(Skark et al., 1998) 

Switzerland 2016 Most stream water samples, up to 2.1 g.L-1 (Poiger et al., 2017) 

Spain 2007-2010 
41% positive groundwater samples, up to 2.5 

g.L-1 
(Sanchís et al., 2012) 

Hungary 2010-2011 
Most river and groundwater samples positive, 
up to 0.001 g.L-1 

(Mörtl et al., 2013) 

Denmark 1999-2009 
25% of surface water samples positive, up to 
31 g.L-1, 4% of groundwater samples 
positive, up to 0.67 g.L-1 

(Rosenbom, 2010) 

France 2003-2004 
91% of stream samples positive, up to 165 

g.L-1 
(Villeneuve et al., 2011) 

 

Moreover, Birch et al. (2011) reported that glyphosate and AMPA were found in samples of 

sewage and storm water overflows with the concentration of 0.043-1.3 μg.L-1 and 0.06-1.3 μg.L-1, 

respectively. Rendon-von Osten and Dzul-Caamal (2017) found that even in the bottled drinking 

water, glyphosate concentration could achieve up to 0.79 μg.L-1 which exceeded the acceptable limits 

for human consumption in the European Union (0.1 μg.L-1) (“Emerging substances | NORMAN,” 
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n.d.). Currently, glyphosate is in the list of the U.S. national primary drinking water contaminants 

with a maximum contaminant level goal of 0.7 mg.L-1 (Songa et al., 2009). 

Table 1.4 Glyphosate concentration in industrial wastewater 

References Sampling point 
Glyphosate 

concentration 
(Heitkamp et al., 1992) Glyphosate production wastewater 500-2000 mg.L-1 
(Manassero et al., 2010) Rinsing herbicide containers 50.7-76.05 mg.L-1 
(Zhang et al., 2011) Zhejiang Wynca Chemical Industry Group Co., Ltd. (China) 258 mg.L-1 
(Zhou et al., 2014) Xinan Chemical Plant (Zhejiang, China) 1% wt 

(Xing et al., 2017) 
Jiangsu Good Harvest-Weien agrochemical Ind. Co. Ltd.; 
Jiema Chemical Ind. Co.  Ltd.; Guangan Ind. Co. Ltd. (China) 

213-2560 mg.L-1 

 

Glyphosate contaminants the environment from various sources: agricultural runoff,  chemical 

spill as well as industrial effluents (Baylis, 2000; Botta et al., 2009). Three major industrial synthesis 

methods were used for glyphosate production: hydrocyanic acid (HCN), diethanolamine (DEA) and 

glycine process. All of these processes have a large amount of industrial wastewater and other 

environmental pollution (Zhou et al., 2012). To obtain 1 ton of glyphosate, about 5-6 tons of 

crystallized mother liquid is generated with ~ 1% glyphosate, 1-4% formaldehyde (HCHO) and other 

byproducts (Xing et al., 2018). Most of glyphosate is recovered from the mother liquor through 

nanofiltration (Song et al., 2013), while 200-3000 mg.L-1 glyphosate remains in the nanofiltration 

permeate wastewater in China (Xing et al., 2018).  It has also been reported that glyphosate 

concentration in industrial effluents could achieve up to 2,560 mg.L-1 (Table 1.4). Therefore, it is 

necessary to effectively remove glyphosate residue from industrial wastewater to lower its 

environmental impact. 

1.3 Treatment technology for glyphosate from environment 

Conventional methods, such as adsorption, filtration, and biological treatment have been applied 

to treat glyphosate-containing wastewater. Moreover, AOPs, such as photolysis oxidation, Fenton 

oxidation, electrochemical oxidation, and ozonation oxidation, have been proposed as alternative 

technologies for glyphosate-containing wastewater (Villamar-Ayala et al., 2019). All these 

technologies are described in detail below. 

1.3.1 Adsorption 

Currently, adsorption is widely used in large-scale biochemical and purification for wastewater 

treatment due to simple design, non-toxic and low-cost adsorbents and high efficiency (Mayakaduwa 

et al., 2016). Several materials have been used as absorbents for glyphosate adsorptive removal, such 

as activated carbon, biochar, water industrial residues, clay substances, resin, biopolymers, 

polyvinylpyrrolidone (PVP) capped silver nanocubes, etc. (Table 1.5). Table 1.5 shows that activated 

carbon, biochar or resin used as absorbents could achieve higher removal efficiency and higher 
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maximum adsorption capacity of glyphosate. Recently, biochar has drawn more attention because of 

its low cost and highly aromatic and porous structure, which contributes high removal efficiency of 

biochar (Zhang et al., 2013). However, with this process, disposal of the residue after adsorption 

remains a problem which needs to be further studied (Mayakaduwa et al., 2016).  

Table 1.5 Removal of glyphosate from aqueous environment by adsorption 

Refer. Adsorbent 
Initial glyphosate 

concentration (mg.L-1) 
Marks 

(Villa et al., 1999) 
Hydrotalcites and 
organo-hydrotalcites 

5-25 Adsorption capacity: 1-4 μg.g-1 

(Li et al., 2005) 
MgAl-layered double 
hydroxides 

169 Maximum adsorption capacity: 184 mg.L-1 

(Nourouzi et al., 2010) Activated carbon 5-100  Maximum adsorption capacity: 48.4 mg.g-1   

(Hu et al., 2011) 
Dewatered alum sludge 
(DAS) and liquid alum 
sludge (LAS) 

50-100 for DAS; 
200-500 for LAS 

Removal efficiency: 65.4%-91.6% For DAS; 
64.7%-97.4% for LAS 
Maximum adsorption capacity: 85.9 mg.g-1 for 
DAS; 113.6 mg.g-1  for LAS 

(Salman et al., 2012) 
Palm oil fronds activated 
carbon 

25-250  Maximum adsorption capacity: 104.2 mg.g-1 

(Chen et al., 2016) Resin D301 1% mass fraction 
Maximum adsorption capacity: 400-833.33 
mg.g-1 mg.g-1 

(Herath et al., 2016) 
Rice husk derived 
engineered biochar 

0-100  
Maximum removal: 82.0%; maximum 
adsorption capacity: 123.03 mg.g-1 

(Mayakaduwa et al., 
2016) 

Woody biochar 20  Maximum adsorption capacity: 44 mg.g-1 

(Jia et al., 2017) 
Resin-supported double 
valent nano-sized 
hydroxyl iron oxide 

400  Maximum adsorption capacity: 401.12 mg.g-1 

(Rissouli et al., 2017) Chitin and chitosan 1-30  
Maximum adsorption capacity: 14.04 mg.g-1  
for chitin and 35.08 mg.g-1  for chitosan 

(Sarkar and Das, 
2017) 

PVP capped silver 
nanocubes 

100   No data for glyphosate removal efficiency 

 

1.3.2 Filtration 

Bank filtration process can achieve up to 95% and 87% of glyphosate and AMPA removal 

efficiency, respectively (Jönsson et al., 2013). Xie et al. (2010) reported that a high glyphosate 

removal of 95.5% was obtained by nanofiltration using a Desal-5 DK membrane from neutralization 

liquor produced by the glycine-dimethylphosphit process. Schoonenberg Kegel et al. (2010) obtained 

a glyphosate removal efficiency of >99% by a technology equipped with reverse osmosis and 

subsequently activated carbon filtration. Saitúa et al. (2012) observed that more than 85% of 

glyphosate could be removed by nanofiltration for the initial glyphosate concentration up to 250 

mg.L-1, depending on pressure and pH value. Liu et al. (2012) reported that nanofiltration separation 

of glyphosate from wastewater using a GE Osmonic DK membrane could achieve a high glyphosate 

removal efficiency. Although high glyphosate removal potentially achieved by filtration, the removal 

rate is likely to be highly dependent on physicochemical conditions. Large scale production of water 

by these methods is expensive, which is unable to commonly used in practice and unlikely to be 

adopted for the treatment of organic compounds (Jönsson et al., 2013). 
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1.3.3 Biological treatment 

Biodegradation of organic compounds is known as an effective and eco-friendly method to 

remove organic pollutants from the aqueous environment (Zhan et al., 2018). Various micro-organism, 

including bacteria and fungi, have been reported to use glyphosate as a sole carbon, nitrogen, and/or 

phosphorus source. Table 1.6 shows that the microorganisms responsible for glyphosate 

biodegradation are mainly bacteria, only little fungi strains have been reported. Among these 

microorganisms, most species use glyphosate as sole phosphorus source. Some exceptions use 

glyphosate as nitrogen or carbon source. 

To assess glyphosate-degradation performance of microorganisms, it is necessary to optimize 

culture conditions, including culture temperature, initial pH, glyphosate concentration, inoculated 

biomass and incubation time (Zhan et al., 2018). The culture conditions most used for glyphosate-

degrading microorganism are a temperature of 25-37℃, a pH of 6-7.5 and aerobic medium. Only 

Obojska et al. (2002) observed a thermophilic bacteria, Geobacillus caldoxylosilyticus T20, which 

could achieve more than 65% of glyphosate removal at 60℃ with initial glyphosate concentration of 

1 mM. Kryuchkova et al. (2014) found a facultative anaerobic strain, Enterobacter cloacae K7, which 

could utilize glyphosate as sole phosphorus source and obtain 40% degradation with glyphosate initial 

concentration of 5 mM. 

Two major degradation pathways have been identified in glyphosate-degrading microorganisms 

(Fig. 1.6). One pathway is glyphosate converted to stoichiometric quantities of AMPA and glyoxylate 

through the cleavage of C-N bond by the enzyme glyphosate oxidoreductase (Zhan et al., 2018). 

Glyoxylate usually enters the tricarboxylic acid cycle as a convenient energy substrate for most 

glyphosate-degrading bacteria (Sviridov et al., 2015). Three pathways exist for AMPA: (i) AMPA 

releases to the Environment (Jacob, 1988; Lerbs et al., 1990); (ii) AMPA is further metabolized to 

methylamine and phosphate, catalyzed by C-P lyase (Pipke et al., 1987; Jacob, 1988; Pipke and 

Amrhein, 1988); (iii) AMPA is first metabolized to phosphonoformaldehyde by transaminase and 

then transformed to phosphate and formaldehyde for further metabolism by phosphonatase (Sviridov 

et al., 2014). 

The second degradation pathway is glyphosate metabolized to phosphate and sarcosine through 

the direct cleavage of the C-P bond, catalyzed by C-P lyase (Firdous et al., 2017). Sarcosine can be 

used as growth nutrient (carbon and nitrogen source) for microorganism and is further metabolized 

to glycine and formaldehyde by sarcosine-oxidase (Borggaard and Gimsing, 2008). Glycine is further 

metabolized by microorganism and formaldehyde enters the tetrahydrofolate-directed pathway of 

single-carbon transfers to produce CO2 and NH4
+ (Borggaard and Gimsing, 2008). Some reports 
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indicate that AMPA and sarcosine pathways simultaneously exist in some bacteria, such as Bacillus 

cereus CB4, Ochrobacterium anthropic GPK3, and Pseudomonas sp. LBr (Jacob, 1988; Fan et al., 

2012; Sviridov et al., 2012). The AMPA pathways is not generally subjected to Pi (inorganic 

phosphorus) concentration, however, glyphosate conversion to sarcosine strongly depends on the 

concentrations of exogenous and endogenous Pi, which rarely occurs in natural environments 

(Sviridov et al., 2015) due to C-P lyase activity generally induced under phosphate starvation 

condition (Borggaard and Gimsing, 2008; Sviridov et al., 2015).  

At least, another degradation pathway was observed in Achromobacter sp. Kg16 which utilized 

glyphosate as sole phosphorus source, resulting in production of acetylglyphosate (Shushkova et al., 

2016). However, Achromobacter sp. Kg16 is not able to further utilize acetylglyphosate as a 

phosphorus source, causing its poor growth. Although the glyphosate biodegradation has been 

extensively studied, the precise degradation mechanism and pathways are still not known. 

Most studies reported have focused on the glyphosate biodegradation by pure culture of bacteria. 

Little research on glyphosate biodegradation was carried on mixed culture. Hallas and Adams (1992) 

reported glyphosate removal from wastewater effluent discharged from an activated sludge process 

in lab columns and found that more than 90% of glyphosate degradation was achieved for an initial 

concentration of 50 mg.L-1. Nourouzi et al. (2010) reported that 99.5% of glyphosate (300 mg.L-1) 

was converted to AMPA and 2% of AMPA was degraded to further metabolites by mixed bacteria 

isolated from oil palm plantation soil. The mixed cultures are more likely able to completely degrade 

contaminants, compared to pure culture due to the various enzymes available in mixed culture 

(Barbeau et al., 1997; Nourouzi et al., 2012). Moreover, due to the high requirements of pure culture, 

mixed culture processes are more suitable for industrial applications. 

 
Fig. 1.6 Biodegradation pathways of glyphosate in microorganisms (Zhan et al., 2018). 
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Table 1.6 Glyphosate-degrading microorganisms reported in the literature 

Microorganism Source 
Source type for 
glyphosate used 

Culture conditions 
Type of 

degradation 
pathway 

Comments References 

Bacteria 

Acetobacter sp. 
Glyphosate-contaminated 
rice field 

Carbon or 
phosphorus source 

30℃; aerobic Not shown 
Bacteria could tolerate up to 250 
mg.ml-1  glyphosate 

(Moneke et al., 
2010) 

Achromobacter sp. 
Kg 16 

Glyphosate-contaminated 
soil 

Sole phosphorus 
source 

28-30℃; pHμ 6.0-7.5; 
aerobic 

Acetylgyphosate 
pathway 

A new pathway of glyphosate 
utilization: acetylation 

(Shushkova et al., 
2016) 

Achromobacter sp. 
LW9 

Activated sludge from 
glyphosate process waste 
stream 

Sole carbon source 28℃; pH: 7; aerobic AMPA pathway 
100% glyphosate (0.1%, w/v) 
transformation to AMPA 

(McAuliffe et al., 
1990) 

Achromobacter sp. 
MPK 7A 

Glyphosate-contaminated 
soil 

Sole phosphorus 
source 

28-30℃; pHμ 7; 
aerobic 

Sarcosine 
pathway 

About 60% glyphosate (500 mg.L-1) 
removal 

(Ermakova et al., 
2017) 

Achromobacter sp. 
MPS 12A 

Alkylphosphonates-
contaminated soil 

Sole phosphorus 
source 

28℃; pH: 6.5-7.5; 
aerobic  

Sarcosine 
pathway 

Glyphosate consumption: 124 μmol 
g-1 biomass 

(Sviridov et al., 
2012) 

Agrobacterium 

radiobacter 

Sludge from waste 
treatment plant 

Sole phosphorus 
source 

30℃; pH:7; aerobic 
Sarcosine 
pathway 

No data for glyphosate removal 
efficiency 

(Wackett et al., 
1987) 

Alcaligenes sp. GL 
Non-axenic cultures of the 
cyanobacterium Anacystis 

nidulans 

Sole phosphorus 
source 

28℃; pH:7.5; aerobic 
Sarcosine 
pathway 

50-80% glyphosate (5 mM) removal 
(Lerbs et al., 
1990) 

Arthrobacter 

atrocyaneus ATCC 
13752 

Collection of 
microorganisms and cell 
cultures, Germany 

Sole phosphorus 
source 

Room temperature; 
pH: 7.2; aerobic 

AMPA pathway 
Capable of degrading glyphosate 
without previous culture selection 

(Pipke and 
Amrhein, 1988) 

Arthrobacter sp. 
GLP-1 

Mixture culture with 
Klebsiella pneumoniae 

Sole phosphorus 
source 

Room temperature; 
pH: 7; aerobic 

Sarcosine 
pathway 

Capable of degrading glyphosate 
without previous culture selection 

(Pipke et al., 
1987) 

Bacillus cereus 

CB4 
Glyphosate-contaminated 
soil 

Sole phosphorus 
source 

35℃; pHμ 6; aerobic 
Both AMPA and 
sarcosine 
pathway 

94.47% degradation (6 g.L-1) in 5 
days 

(Fan et al., 2012) 

Bacillus cereus 6 P 
Glyphosate-exposed 
orange plantation site 

Sole phosphorus 
source 

28℃; pHμ 7; aerobic Not shown 37.7% glyphosate (1 mM) removal 
(Acosta-Cortés et 
al., 2019) 

Bacillus subtilis 
Bs-15 

Rhizospheric soil of a 
pepper plant 

Carbon and 
phosphorus source 

35℃; pHμ 8; aerobic Not shown 65% glyphosate removal (Yu et al., 2015) 

Burkholderia 

vietnamiensis 

AO5-12 and 
Burkholderia sp. 
AO5-13 

Glyphosate contaminated 
sites in Malaysia 

Sole phosphorus 
source 

30℃; pHμ 6; aerobic Not shown 
91% and 74% glyphosate (50 mg.L-1) 
degradation for AQ5-12 and AQ5-
13, respectively 

(Manogaran et 
al., 2017) 

Comamonas 

odontotermitis P2 
Glyphosate-contaminated 
soil in Australia 

Carbon and 
phosphorus source 

2λ.λ℃; pHμ 7.4; 
aerobic 

Not shown 
Complete degradation (1.5 g.L-1) 
within 104 h 

(Firdous et al., 
2017) 
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Enterobacter 

cloacae K7 
Rhizoplane of various 
plants in Russia 

Sole phosphorus 
source 

30-37℃; pH: 6.8-7; 
Facultative anaerobe 

Sarcosine 
pathway 

40% glyphosate (5 mM) degradation 
(Kryuchkova et 
al., 2014) 

Flavobacterium sp. 
GD1 

Monsanto activated sludge 
Sole phosphorus 
source 

25℃; pH: 6.8-7; 
aerobic 

AMPA pathway 
Complete degradation of glyphosate 
(0.02%) 

(Balthazor and 
Hallas, 1986) 

Geobacillus 

caldoxylosilyticus 

T20 

Central heating system 
water 

Sole phosphorus 
source 

60℃; pH: 7; aerobic AMPA pathway >65% glyphosate (1 mM) removal 
(Obojska et al., 
2002) 

Ochrobacterium 

anthropic GPK3 
Glyphosate-contaminated 
soil 

Sole phosphorus 
source 

28℃; pH: 6.5-7.5; 
aerobic 

Both AMPA and 
sarcosine 
pathway 

Glyphosate consumption: 283.8 μ
mol g-1 biomass 

(Sviridov et al., 
2012) 

Ochrobactrum 

intermedium Sq20 
Glyphosate-contaminated 
soil 

Sole carbon source 
Room temperature; 
pH 7; aerobic 

Sarcosine 
pathway 

Complete degradation (500 mg.L-1) 
within 4 days 

(Firdous et al., 
2018) 

Ochrobactrum sp. 
GDOS 

Soil 
Sole phosphorus 
source 

30℃; pH: 7; aerobic AMPA pathway 
Complete degradation (3 mM) within 
60 h 

(Hadi et al., 
2013) 

P.fluorescens 
Glyphosate-contaminated 
rice field 

Carbon or 
phosphorus source 

30℃; aerobic Not shown 
Bacteria could tolerate up to 250 
mg/ml glyphosate 

(Moneke et al., 
2010) 

Pseudomonas 

pseudomallei 22 
Soil 

Sole phosphorus 
source 

28℃; aerobic 
AMPA pathway 
(putative) 

50% glyphosate (170 mg.L-1) 
degradation in 40 h 

(Peñaloza-
Vazquez et al., 
1995) 

Pseudomonas sp. 
4ASW 

Glyphosate-contaminated 
soil 

Sole phosphorus 
source 

2λ℃; pH: 7.2; 
aerobic 

Sarcosine 
pathway 

100% glyphosate (0.25 mM) removal 
(Dick and Quinn, 
1995) 

Pseudomonas sp. 
GLC11 

Mutant of Pseudomonas 
sp. PAO1 on selective 
medium 

Sole phosphorus 
source 

37℃; pH: 7; aerobic 
Sarcosine 
pathway 

Capable of tolerating up to 125 mM 
glyphosate 

(Selvapandiyan 
and Bhatnagar, 
1994) 

Pseudomonas sp. 
LBr 

A glyphosate process 
waste stream 

Sole phosphorus 
source 

Room temperature; 
pH: 7; aerobic 

Both AMPA and 
sarcosine 
pathway 

Capable of eliminating 20 mM 
glyphosate from growth medium 

(Jacob, 1988) 

Pseudomonas sp. 
PG2982 

Pseudomonas aeruginosa-
ATCC 9027 

Sole phosphorus 
source 

Room temperature; 
aerobic 

Sarcosine 
pathway 

No data for glyphosate removal 
efficiency 

(Kishore and 
Jacob, 1987) 

Pseudomonas spp. 
strains GA07, 
GA09 and GC04 

Glyphosate-contaminated 
soil in China  

Sole carbon source 33℃; pHμ 7; aerobic 
Both AMPA and 
sarcosine 
pathways 

Glyphosate (500 mg.L-1)  removal: 
53.6%-80.8% 

(Zhao et al., 
2015) 

Rhizobiaeae 

meliloti 1021 
Spontaneous mutation of a 
wild-type strain 

Sole phosphorus 
source 

28-32℃; pHμ 7; 
aerobic 

Sarcosine 
pathway 

50% glyphosate (0.5 mM) removal (Liu et al., 1991) 

Salinicoccus spp. 
Qom Hoze-Soltan Lake in 
Iran 

Sole carbon source 
Salt concentration: 
5%-10%; 30℃; pH: 
6.5-8.2; aerobic 

Not shown 
The native halophilic isolates could 
biodegrade glyphosate 

(Sharifi et al., 
2015) 

Streptomycete sp. 
StC 

Activated sludge from a 
municipal sewage 
treatment plant 

Sole phosphorus, 
nitrogen or nitrogen 
and phosphorus 
source 

28℃; pH: 7.2; 
aerobic 

Sarcosine 
pathway 

60% degradation (10 mM) within 10 
days 

(Obojska et al., 
1999) 
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Fungi 

Aspergillus niger Soil 
Sole phosphorus 
source 

28℃; pH: 6; aerobic AMPA pathway No data for removal efficiency 
(Krzyśko-
Lupicka et al., 
1997) 

Aspergillus oryzae 

sp. A-F02 

Sludge in an aeration tank 
of a glyphosate 
manufacture 

Sole carbon source 
30℃; pH: 7.5; 
aerobic 

Not shown 
86.82% degradation (1000 mg.L-1) 
within 7 days 

(Wu et al., 2010) 

Fusarium 
oxysporum  

Sugar cane 
Sole phosphorus 
source 

30℃; pH: 6; aerobic Not shown 41% glyphosate (50 mg.L-1) removal 
(Castro et al., 
2007) 

Penicillium 

chrysogenum 
Soil 

Sole nitrogen 
source 

Dark at 28 (±1) ℃; 
pH:7.0; aerobic 

AMPA pathway 
(putatively) 

40% degradation (5 mM) after 15 
days 

(Klimek et al., 
2001) 

Penicillum 

notanum 

Spontaneous growth on 
hydroxyfluorenyl-9-
phosphate 

Sole phosphorus 
source 

28℃; pHμ 7.2; 
aerobic 

AMPA pathway 
Capable to degrade glyphosate at 
sublethal doses (<0.5 mM) 

(Bujacz et al., 
1995) 

Scopulariopsis sp. Soil 
Sole phosphorus 
source 

28℃; pH: 6; aerobic AMPA pathway No data for removal efficiency 
(Krzyśko-
Lupicka et al., 
1997) 

Trichoderma 

harzianum 
Soil 

Sole phosphorus 
source 

28℃; pH: 6; aerobic AMPA pathway No data for removal efficiency 
(Krzyśko-
Lupicka et al., 
1997) 
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1.3.4 Advanced oxidation processes (AOPs) 

AOPs are promising technologies, which have been widely used for the treatment of toxic, 

recalcitrant organic compounds in water (Divyapriya et al., 2016), including photolysis, ozonation, 

Fenton, electro-oxidation, wet air oxidation (WAO) and supercritical water oxidation. The 

mechanism in AOPs system is to oxidize organic contaminants to CO2, H2O and inorganic ions due 

to the generation of hydroxyl radical (·OH), hydrogen peroxide (H2O2), and superoxide (O2∙) in the 

system (Malato et al., 2002; Manassero et al., 2010). The hydroxyl radical (·OH) is a non-selective, 

strong oxidant (2.8 V oxidation potential), which can act very fast on a wide range of organic 

compounds (Mota et al., 2008; Divyapriya et al., 2016). Compared to conventional treatment, AOPs 

can non-selective completely mineralized pollutants without chemical or biological sludge production. 

 AOPs could be an alternative technology to effectively treat glyphosate at a short time compared 

to physical (adsorption and filtration) and biological treatment. Recently, single or combined AOPs 

have been reported to treat glyphosate-containing wastewater, such as photolysis oxidation, Fenton 

oxidation, electrochemical oxidation, ozonation oxidation, and combined oxidation process. Table 

1.7 summarizes some AOPs process used for glyphosate treatment. 

Table 1.7 shows that photolysis-based oxidation can lead to high glyphosate removal efficiency 

up to 99.8% at low concentration (less than 50 mg.L-1) and the use of photocatalyst improve the 

photodegradation of glyphosate. TiO2 is the common used heterogeneous photocatalyst for 

glyphosate photocatalytic degradation because of its stability, non-toxic and low cost (Echavia et al., 

2009). In order to improve the photocatalytic activity of TiO2, several attempts have been reported, 

such as non-metal doping (Echavia et al., 2009), metal doping (Xue et al., 2011) and metal and non-

metal codoping (Lin et al., 2012). Although complete glyphosate removal has achieved (Echavia et 

al., 2009), while, the mineralization efficiency is not high (less than 74%). Meanwhile, the preparation 

processes for modified TiO2 are generally complicated, resulting in an increase of the cost. In order 

to decrease the cost, the combination of hydrogen processes and UV radiation (H2O2/UV) has been 

reported to treat glyphosate with higher concentration (up to 91.26 mg.L-1) compared to 

photocatalytic degradation, which is a simple and convenient process (Manassero et al., 2010; Junges 

et al., 2013; Vidal et al., 2015; López et al., 2018). H2O2/UV process induced a good degradation of 

glyphosate (>70%), but it requires a long treatment time (more than 5 h). Meanwhile, due to the high 

cost of electricity associated with using energy-consuming UV lamps (Echavia et al., 2009), the 

disposal of catalysts and difficulties to control the conditions (Zhan et al., 2018) hamper the 

development of these photolysis-based processes at large scale application (Tran et al., 2017). 
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Table 1.7 Some AOPs process reported to be used for glyphosate treatment 

Refer. Type Conditions 
Glyphosate 

concentration 
(mg.L-1) 

Remarks 

(Chen et al., 2007) Photodegradation 
Tμ 22℃; pHμ 3.5-6; illumination time: 3 h; the presence of 
Fe3+ and C2O4

2- 
5.0 Maximum degradation efficiency: 63.2% 

(Chen and Liu, 
2007) 

Photocatalytic 
degradation 

Catalyst: TiO2; T: 30℃; pH: 2-12; illumination time: 0.5-3.5 
h 

0.042  Maximum degradation efficiency: 92.0% 

(Echavia et al., 
2009) 

Photocatalytic 
degradation 

Catalyst: TiO2 immobilized on silica gel; T: 22 ℃ ; 
illumination time: 2 h 

16.9 
Glyphosate conversion: 100%; TOC 
conversion: 74% 

(Yang et al., 2018) 
Photocatalytic 
degradation 

Catalyst: Goethite or magnetite; T: 20 ℃ ; pH: 3-9; 
illumination time: 2 h 

10 
Maximum glyphosate removal: 92.0% for 
goethite and 99.3% for magnetite 

(Manassero et al., 
2010) 

H2O2/UV T: 25℃; pH : 3.5-10; illumination time : 5 h 27.04-91.26 
Maximum glyphosate conversion: 70%; TOC 
conversion: 29% 

(Junges et al., 
2013) 

H2O2/UV T: 20℃; pH: 5.2; illumination time: 2-6 h 50 
Maximum glyphosate conversions: 90%; 
TOC conversion: 70% 

(Liao et al., 2009) Fenton Tμ λ0℃; pH: 3-4; reaction time: 2 h; n(H2O2)/n(Fe2+)=4:1 - TP removal: 95.7%; COD removal: 62.9% 
(Zhang et al., 
2011) 

Adsorption-Fenton Adsorbent: nano-tungsten/D201 resin; pH: 2-4 258 Maximum glyphosate degradation: 60.5% 

(Balci et al., 2009) Electro-Fenton 
Mn2+ as catalyst; T: 23±2℃; pH: 3; anode: Pt cylindrical 
mesh; cathode: carbon felt; electrolyte: 0.05 M Na2SO4; 
current: 100 mA   

16.9 
Complete glyphosate removal at 3 h; 82% 
TOC reduction in 5 h 

(Lan et al., 2016) Electro-Fenton 
room temperature; pH 3-6; anode: RuO2/Ti mesh; cathode: 
activated carbon fiber; electrolyte: 0.1 M Na2SO4; current: 
0.12-0.36 A 

16.9-253.5 
85% glyphosate removal after 2 h; 72% COD 
removal in 6 h 

(Huston and 
Pignatello, 1999) 

Photo-Fenton 
Tμ 25℃; pH: 2.8; reaction time: 2 h; H2O2: 0.01 M; Fe3+: 
5.0×10-5 M; UV irradiation: 300-400 nm 

0.034 TOC removal: 35.0% 

(Souza et al., 
2013) 

Photo-Fenton 
Tμ 40±2℃; pH 2.8±0.2; reaction time: 2; H2O2: 10.3 M; 
Fe2+/Fe3+: 0.27 M; oxalate: 1.3 M; UV irradiation: 320-400 
nm 

100 
Complete glyphosate removal; 
TOC removal: 74.4% 

(Aquino Neto and 
de Andrade, 2009) 

Electrochemical 
oxidation 

Anode: RuO2 and IrO2 DSA®; Tμ 25±1℃; pHμ 3; current 
density: 50 mA cm-2; electrolyte: Na2SO4  

1000 
Highest glyphosate and TOC removal: 65% 
and 43%, respectively after 12 h 

(Lan et al., 2013) 
Electrochemical 
oxidation 

Anode: RuO2 and IrO2 DSA®; room temperature; pH: 5.0; 
current density: 10 mA.cm-2; MnO2 dosage: 0.25 mM; 
reaction time: 2 h; electrolyte: Na2SO4 

16.9 
40% and 80% glyphosate removal for 
electrochemical and electro-MnO2 process 

(Kukurina et al., 
2014) 

Electrochemical 
oxidation 

Anode: PbO2; room temperature; current density: 0.12 A.cm-

2; reaction time: 4 h; electrolyte: H2SO4 
16.9 Completely glyphosate mineralization 
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(Rubí-Juárez et 
al., 2016) 

Electrochemical 
oxidation 

Anode: Born doped diamond; room temperature; natural pH; 
current density: 10-100 mA.cm-2; electrolyte: Na2CO3, 
Na2SO4, NaCl 

100 
Complete glyphosate mineralization in NaCl 
media 

(Speth, 1993) O3 Gas flowrate: 0.62 L.min-1; O3: 1.0-2.9 mg.L-1 0.8-1 Complete glyphosate degradation 
(Assalin et al., 
2009) 

O3 O3: 14 mg.L-1; pH: 6.5 and 10; reaction time: 30 min 42.275 97.5% TOC reduction 

(Jönsson et al., 
2013) 

O3/H2O2 Tμ 15℃; O3: 0.5 and 1.0 mg.L-1; H2O2: 0.5 and 1.0 mg.L-1  0.00259-0.00365 >99% glyphosate and >85% AMPA removal 

(Barrett and 
McBride, 2005) 

Manganese oxidation 
Room temperature; pH: 5.0-7.0; Mn2+: 0.5 mM; electrolyte: 
NaNO3 

10.5 71% glyphosate and 47% AMPA degradation 
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Fenton based oxidation (Table 1.7) has been reported to be a successful technology for 

glyphosate treatment, which has the advantages of simple operation, no mass transfer limitation and 

easy implementation as a stand-alone or hybrid system and easy integration in existing water 

treatment processes (Chen et al., 2007; Bokare and Choi, 2014). 95.7% and 62.9% removal of total 

phosphate and chemical oxygen demand (COD), respectively, have been achieved by conventional 

Fenton process (Liao et al., 2009). However, several drawbacks exist in conventional Fenton process: 

the continuous loss of oxidants and iron ions, the formation of solid sludge and the high costs and 

risks associated with handling, transportation and storage of reagents (Zhang et al., 2019). In order to 

overcome these shortcomings, Fenton process is improved to form various optimized Fenton 

processes for glyphosate treatment, i.e. electro-Fenton (Balci et al., 2009; Lan et al., 2016) and photo-

Fenton processes (Huston and Pignatello, 1999; Souza et al., 2013). Electro-Fenton process 

overcomes the limitations of the accumulation of iron sludge and the high costs and risks related to 

the handling, transportation, and storage of reagents. Photo-Fenton process can reduce iron sludge 

production (Zhang et al., 2019). Electro-Fenton and photo-Fenton processes have both reported to 

achieve complete glyphosate removal and good mineralization at low concentration (Balci et al., 2009; 

Souza et al., 2013). However, electro-Fenton consumes extensive anode (Aramyan, 2017; Zhang et 

al., 2019). Photo-Fenton process faces several challenges, such as short working life span, high energy 

consumption and economic costs (Aramyan, 2017; Zhang et al., 2019). Moreover, Fenton based 

process needs an acidic reaction condition (usual pH at 2-4). This consumes a lot of acid along with 

high cost due to extra electrical energy (UV lamp). Thus, Fenton-based processes are generally used 

in a synthetic and low concentration glyphosate wastewater rather than real wastewater from the 

glyphosate production (Huston and Pignatello, 1999; Balci et al., 2009; Liao et al., 2009; Souza et al., 

2013).  

Electrochemical oxidation is one of the cleanest technologies to effectively degrade glyphosate 

compared to other AOPs (Villamar-Ayala et al., 2019), with high energy efficiency and easy 

operations (Sirés et al., 2014). And electrochemical oxidation has been reported to treat effluents with 

wider glyphosate concentration ranging from 16.9 to 1000 mg.L-1, compared to other AOPs. 

Complete glyphosate mineralization has been achieved by electrochemical oxidation at glyphosate 

concentration less than 100 mg.L-1 (Kukurina et al., 2014; Rubí-Juárez et al., 2016). Even when the 

initial glyphosate concentration up to 1000 mg.L-1, high mineralization (91%) was also obtained by 

Aquino Neto and De Andrade (2009), on PuO2 and IrO2 dimensionally stable anode (DSA®). PbO2, 

born doped diamond (BBD) and Ti/PbO2 have been also used as anode for electrochemical oxidation 

of glyphosate (Kukurina et al., 2014; Rubí-Juárez et al., 2016; Farinos and Ruotolo, 2017; Tran et al., 

2017). Electrochemical degradation could be affected by several parameters: pH, glyphosate initial 
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concentration, supporting electrolyte nature and concentration, electronic composition, electrolysis 

and current density (Aquino Neto and de Andrade, 2009; Aquino Neto and De Andrade, 2009; 

Moreira et al., 2017). However, some drawbacks exist during electrochemical oxidation process: the 

high costs related to the electrical supply, the addition of electrolytes required due to the low 

conductance of wastewaters and the loss of activity and the short lifetime of electrode by fouling due 

to the deposition of organic compounds on the surface of electrode (Sirés et al., 2014). More research 

should be studied to overcome these disadvantages. 

Compared to other AOPs, ozonation oxidation can effectively treat glyphosate-containing 

wastewater at a shortest time under low concentration. Complete glyphosate degradation and 97.5% 

mineralization have been obtained by Speth (1993) and Assalin et al. (2009), respectively. Both high 

removal efficiencies of glyphosate (>99%) and AMPA (85%) were achieved with simultaneous use 

of O3 and H2O2 under a short reaction time (Jönsson et al., 2013). However, it is generally applied to 

treat glyphosate-containing wastewater at low concentration rather than real glyphosate industrial 

wastewater. Furthermore, there are several drawbacks for ozonation which hinders its application into 

practice: (1) ozone is unstable under normal conditions; (2) due to its low solubility in water, special 

mixing techniques are needed; (3) ozone water treatment is much expensive due to the high service 

and maintenance; (4) high toxicity and chemical hazards; (5) harmful disinfection by-products maybe 

generate (Rice, 1996). 

In addition, Barrett and McBride (2005) obtained 71% and 47% of glyphosate and AMPA 

removal efficiency by Manganese oxidation, respectively. Zhang et al. (2011) combined adsorption 

treatment and Fenton oxidation using the nano-metal/resin complexes as the adsorbent to treat the 

industrial wastewater containing glyphosate. They found that the maximum degradation rate of 

glyphosate (258 mg.L-1) was enhanced up to 60.5%. Xing et al. (2018) reported that 100% glyphosate 

removal and over 93% organic phosphorus removal for real glyphosate wastewater (containing 200-

3000 mg.L-1 glyphosate) was achieved by catalytic wet oxidation using modified activated carbon as 

a catalyst in a co-current upflow fixed bed reactor, which could be a potential method for glyphosate-

containing wastewater treatment. 
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Fig. 1.7 The possible oxidation pathway of glyphosate under different processes. Information based on 
(Barrett and McBride, 2005; Chen et al., 2007; Muneer and Boxall, 2008; Balci et al., 2009; Echavia et al., 

2009; Manassero et al., 2010; Lan et al., 2013; Xing et al., 2018; Yang et al., 2018) 

Meanwhile, Fig. 1.7 summarizes the possible oxidation pathway of glyphosate under different 

AOPs reported in the literature. It shows that glyphosate oxidation process generally follows two 

mechanisms related to the cleavage of C-P and C-N bonds attributed to hydroxyl radicals. In the first 

case, glyphosate is attacked by hydroxyl radicals to yield sarcosine and PO4
3- and to generate AMPA 

and glycolic acid in the second case. The two mechanisms can exist alone or together during 

glyphosate oxidation process. The glyphosate photo-degradation are often related to the both AMPA 

and sarcosine pathways, however, only sarcosine pathway during glyphosate photo-degradation is 

presented by Yang et al. (2018) on goethite and magnetite. This is because the formation of Fe-O-P 
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bond in the presence of iron oxide would change the electron density distribution around the 

phosphorus center of glyphosate, and potentially induce the C-P bond more assailable to reactive 

oxygen species generated in goethite and magnetite suspension under UV irradiation (Yang et al., 

2018). Besides, a few studies have proved the direct generation of glycine at high pH without the 

generation of sarcosine in TiO2/UV process (Muneer and Boxall, 2008; Manassero et al., 2010). The 

mechanism for this phenomenon is still unclear and further research is needed. The single sarcosine 

pathway is also been reported in the electrochemical and Manganese oxidation of glyphosate (Barrett 

and McBride, 2005; Lan et al., 2013), whereas, the single AMPA pathway is found in electro-Fenton 

and CWO process of glyphosate (Balci et al., 2009; Xing et al., 2018). Sarcosine could be further 

oxidized to glycine, formaldehyde or formic acid. Glycine could be transferred to methylamine, 

formaldehyde, and NH4
+. AMPA may be further converted to formaldehyde, NH4

+, NO3
- and PO4

3- 

through the cleavage of C-P bond. Other small molecules organic compounds may also exist in the 

glyphosate oxidation processes, such as acetic acid and glycolic acid. Even though the possible 

oxidation pathways of glyphosate have been abundantly reported, the precise mechanisms are still 

unknown which is needed further studies. 

In conclusion, adsorption and filtration can’t transfer glyphosate to other products nor reduce its 

toxicity, causing that post-treatment may be needed. The conventional biological processes is a 

friendly and low-cost glyphosate treatment technology, however, these processes generally require a 

long residence time. Furthermore, industrial wastewater emitted from glyphosate-manufacturing 

factory is characteristic of high COD, strong toxicity, poor biodegradability and complicated 

constituents, which can’t be effectively treated directly using biological treatment (Xing et al., 2017). 

AOPs takes advantages of degrading glyphosate with high reaction rate and efficiency at low 

concentration. However, the main disadvantages for AOPs are their high treatment cost caused by the 

high consumption of electrical energy for devices, such as UV lamps, heater, and ozonizers, and long 

processing times and AOPs tend to be difficult for complete chemical mineralization of glyphosate 

due to the formation of the oxidation intermediates during treatment. Thus, to develop a more 

effective, safe and affordable technology to degrade glyphosate is necessary. Recently, combining 

AOPs and biological processes has been a promising treatment technology for organic compounds, 

considering environmental and economic advantages (Mantzavinos and Kalogerakis, 2005). The 

toxic and/or non-biodegradable effluent is first treated by AOPs during a short time to generate easily 

biodegradable intermediates which can be completely degraded by a subsequent biological treatment 

(Azabou et al., 2010). Among different AOPs, wet air oxidation (WAO) is a very promising 

technology to treat organic contaminants due to its fast reaction rate and high efficiency (Chakchouk 

et al., 1994; Lin and Chuang, 1994; Kaçar et al., 2003; Suarez-Ojeda et al., 2005). It is reported that 
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the compact process coupling WAO and biological treatment shows high degradation efficiency for 

various organic compounds or effluents, such as polyethylene glycol (Mantzavinos et al., 1997), 

substituted phenols (Suarez-Ojeda et al., 2007), deltamethrin (Lafi and Al-Qodah, 2006), Afyon 

alcaloide factory’s wastewater (Kaçar et al., 2003), olive mill wastewaters (Chakchouk et al., 1994). 

However, no information regards the application of the combined WAO and biological processes to 

treat glyphosate-containing wastewater. 

1.4 Wet air oxidation 

Wet air oxidation (WAO) is an attractive treatment for waste streams containing organic 

compounds which are too dilute to incinerate and too concentrated for biological treatment (Luck, 

1999), which was first proposed by Zimmermann (1954). WAO process is defined to oxidize organic 

compounds into carbon dioxide and water or less toxic intermediates at elevated temperatures and 

pressure by using oxygen or air as oxidants (Mishra et al., 1995; Luck, 1999; Debellefontaine and 

Foussard, 2000). Typical conditions for WAO process are 398-573 K for temperature, 0.5-20 MPa 

for a total pressure, 15-120 min for residence times and 10-150 g.L-1 for the preferred COD load 

(Debellefontaine and Foussard, 2000; Lefèvre et al., 2011a, 2011b; Lefevre et al., 2012). The elevated 

temperature enhances the solubility of oxygen in aqueous solutions and the elevated pressure is to 

keep water in the liquid state and provide a strong driving force for gas-liquid transfer and oxygen 

solubility (Mishra et al., 1995). The oxygen used for WAO reactions is provided by air bubbled 

through the liquid phase in the reactor (Joglekar et al., 1991). WAO is one of the few processes which 

do not transfer contaminants from one form to another, but really make it disappear (Debellefontaine 

et al., 1996). Organic carbon is oxidized to small acid chains and CO2; organic nitrogen is converted 

to ammonia, nitrite, or elemental nitrogen; sulfur is turned to sulfuric acid or sulfates; phosphorus and 

chlorine are transferred to phosphate and hydrochloric acid, respectively (Mishra et al., 1995; 

Debellefontaine and Foussard, 2000). Therefore, the general element balance for the WAO process 

can be described by Eq. 1-1 with the heat value about 435 kJ (mol O2 reacted)-1 (Debellefontaine and 

Foussard, 2000): + ( + . − − . + + ) → + . − ++ − + − + − + ℎ                        Eq. 1-1 

The oxidation degree mainly depends on temperature, oxygen partial pressure, reaction time, and the 

oxidizability of the contaminants under consideration. The previous researches have reported WAO 

process used for single organic compounds or real wastewater.  
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1.4.1 WAO for single organic compounds treatment 

Table 1.8 summarize available literature studies on the treatment of single organic compounds 

by WAO process. It depicts that WAO process could achieve high degradation efficiency (more than 

80%) to treat carboxylic acids, phenolics and dyes at a short time (always less than 2 h). However, 

the complete mineralization cannot always be achieved by WAO process for these compounds due 

to the high TOC or COD remaining, which need to be further treated to meet the discharge standard. 

Many studies have reported that the biodegradability of effluents treated by WAO process is 

improved, which could be easily treated by a following biological treatment (Patterson et al., 2002; 

Kaçar et al., 2003; Suárez-Ojeda et al., 2008). Among these organic compounds, phenolic substances 

have attracted more attention due to their toxicity and frequency of industrial wastewaters. However, 

there is no information reported on the glyphosate degradation by WAO process. 

1.4.2 WAO for real industrial wastewater treatment 

Many researches have focused on the feasibility of WAO process to treat real wastewater. Some 

studies on the real industrial wastewater treatment by WAO process are summarized in Table 1.9. It 

can be seen that WAO process has been applied to treat many kinds of wastewater, such as emulsified 

waster, 2,4,6-Trinitrotoluene (TNT) red wastewater, chemical wastewater, desizing wastewater, 

paper mills wastewater, Afyon alcaloide factory’s wastewater, and pesticide wastewater. These 

wastewaters generally belong to the typical high concentration of hardly biodegradable wastewater. 

WAO process could achieve high COD or TOC removal for these wastewaters, while complete COD 

or TOC reduction couldn’t always be achieved. Therefore, the effluent quality cannot meet the 

discharge standards. However, the biodegradability of the wastewater is greatly improved after WAO 

treatment, thus providing good conditions for further biological treatment (Luan et al., 2017). For 

instance, Lei et al. (2000) investigated the WAO of desizing wastewater from the textile industry and 

found that BOD5/COD was increased from 0.05 to 0.8, indicating that the biochemical nature of 

effluent was greatly enhanced. 
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Table 1.8 Available literature studies on the treatment of single compounds by WAO process 

Refer. Pollutants Conditions Remarks 

Carboxylic acids 
(Shende and Levec, 2000) Acrylic acid T=523-563 K, =3.0-5.5 MPa 78% TOC reduction (3 MPa, 563K, 2 h) 
(Shende and Levec, 1999) Formic acid T=513-542 K, =0.8-2 MPa 90% formic acid removal (0.8 MPa, 542 K, 2 h) 
(Shende and Mahajani, 1997) Formic acid T=423-513 K, =0.345-1.38 MPa 95% COD reduction (0.69 MPa, 513 K, 20 min) 
(Shende and Mahajani, 1994) Glyoxalic acid T=393-518 K, =0.345-1.38 MPa About 95% COD reduction (0.690 MPa, 473 K, 100 min) 
(Shende and Levec, 1999) 3-hydroxypropionic acid T=523-583 K, =1-4.5 MPa 99.9% 3-hydroxypropionic acid removal (1 MPa, 573 K, 1 h) 
(Shende and Levec, 2000) Muconic acid T=513-533 K, =2.0-4.0 MPa 72.7% of TOC removal (2 MPa, 533 K, 2 h) 
(Day et al., 1973) Propionic acid T=505-561 K, =1.72-5.17 MPa 55% TOC removal (3.45 MPa, 533 K, 100 min) 
(Shende and Levec, 1999) Oxalic acid T=493-523 K, =0.8-2.2 MPa 72% TOC reduction (1.5 MPa, 493 K, 2 h) 

Phenolic compounds 
(Pruden and Le, 1976) Phenol T=473-523 K, =5-15 MPa 99% phenol removal (15 MPa, 523 K, 15 min) 
(Willms et al., 1987) Phenol T=415-439 K, P=13.8 MPa 100% phenol degradation (439 K, 2.5 ks) 
(Joglekar et al., 1991) Phenol T=423-453 K, =0.3-1.5 MPa ～99.9% phenol and ～90% COD removal (0.5 MPa, 453 K, 2 h) 

(Lin and Chuang, 1994a) Phenol T=423-573 K, =10.3 MPa 100% COD reduction (573 K, 1 h) 
(Kolaczkowski et al., 1997) Phenol T=473 K, P =3.0 MPa 95% phenol destruction (30 min) 
(Wu et al., 2001) Phenol T=423-473 K 85% TOC removal (473 K, 80 min) 
(Vicente et al., 2002) Phenol T=443-493 K, =5.10-10.15 MPa Complete phenol degradation (10.15 MPa, 493 K, 10 min) 
Lefèvre et al. (2011) Phenol T=423-573 K, P=30 MPa Complete phenol removal (573 K, 10 min) 
Minière et al. (2017) Phenol T=523 K, P=30 MPa 97% phenol removal and 84% TOC reduction (15 min) 
(Chang et al., 1995) 2-chlorophenol T=483 K, =3.55 MPa 99% 2-chlorophenol removal (1 h) 
(Baillod et al., 1982) 2-chlorophenol T=477-533 K, =0.34 MPa ～80% TOC reduction (533 K, 1 h) 
(Wilhelmi and Knopp, 1979) 2-chlorophenol T=548 and 593 K 94.96% 2-chlorophenol degradation (548 K) 
(Wilhelmi and Knopp, 1979) 4-nitrophenol T=548 and 593 K 99.6% 4-nitrophenol removal (548 K) 
(Wilhelmi and Knopp, 1979) pentachlorophenol T=548 and 593 K 81.96% pentachlorophenol reduction (548 K) 
(Imamura, 1999) o-cresol T=493 K, =3 MPa 78% TOC and 86% COD reduction (2 h) 
(Misra et al., 1993) p-cresol T=423-498 K, =0.69-1.34 MPa 54.95% COD destruction (498 K, 2 h) 

Dyes 
(Minière et al., 2018) Acid orange 7 T=473-573 K, P=30 MPa Complete acid orange 7 degradation and 87% TOC removal 
(Hu et al., 2001) Acid red 97 dye T=423 and 473 K 80% TOC removal 
(Zhou and He, 2007) Azo dye and cationic red X-GRL T=393-453 K, =0.5-1.5 MPa 35.4% COD removal 
(Lei et al., 2007) Azo dye cationic red X-GRL T=333-453 K, =0-1.2 MPa 92% dye degradation 
(Chen et al., 1999) Reactive dyes T=423 K 70% TOC reduction 
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Table 1.9 Summary of literature on WAO of real industrial wastewater 

Refer. Type of real wastewater Conditions Remarks 
(Tang et al., 2000) Emulsified wastewater T=493 K 86.4% COD reduction 
(Zeng et al., 2004) Emulsified wastewater T=493 K TOC removal up to 82.1% 
(Lu et al., 2007) TNT red wastewater T=473 K, =4 MPa 98.10% COD reduction 

(Hao et al., 1993) TNT red wastewater T=613 K, =0. 8 MPa 
77% TOC removal and 91% COD 
reduction 

(Hao et al., 1994) TNT red wastewater T=498 K, =3 MPa 71.3% COD removal 
(Lin and Ho, 1997) Chemical wastewater T=513-533 K, =2.0-4.0 MPa 50% COD destruction 

(Lei et al., 2000) Desizing wastewater T=423-563 K, =0.375-2.25 MPa 
77% TOC removal and 91% COD 
reduction 

(Verenich et al., 2000) Paper mills wastewater T=403-473 K, =1 MPa 80% of TOC and COD reduction 

(Kaçar et al., 2003) 
Afyon alcaloide 
factory’s wastewater T=418 K, P=0.56 MPa 33.2% COD removal 

(Zhang et al., 2007) Pesticide wastewater T=553 K, =4.2 MPa 98% COD destruction 

: partial oxygen pressure; P: total pressure 

1.4.3 Reaction mechanisms 

Reaction mechanisms and pathways for WAO process are not clear even for a pure organic 

compound due to the very complicated routes and the formation of various intermediates (Luan et al., 

2017). Generally, the final molecules are short-chain organic compounds, such as acetic acid (Day et 

al., 1973; Mantzavinos et al., 1997). However, it has been proposed that WAO occurs mostly via a 

chain reaction mechanism in which hydroxyl, oxygen, hydroperoxyl and organic hydroperoxyl free 

radicals actively participate (Kolaczkowski et al., 1999). The reaction mechanisms for WAO process 

consist in several free radical reactions, such as initiation, propagation, and termination of free radical 

(Mantzavinos et al., 1997; Patterson et al., 2002; Robert et al., 2002; Bhargava et al., 2006;). A direct 

experimental evidence of the presence of free-radical intermediates was obtained by Robert et al. 

(2002) in the WAO of cellulose using electron spin resonance spectroscopy coupled to a spin trapping 

technique. Moreover, several methods have provided indirect experimental evidence: (1) co-

oxidation, which involves the oxidation of an organic compound by free radical intermediates 

produced from another organic compound (Mantzavinos et al., 1996; Birchmeier et al., 2000; 

Raffainer and Rudolf von Rohr, 2001; Tardio et al., 2004); (2) to hinder the free radical reactions 

using inhibitors, such as tert-butyl alcohol (Stöffler and Luft, 1999; Vaidya and Mahajani, 2002); (3) 

to use a free radical promoter like hydrogen peroxide (Chang et al., 1995).  

1.4.4 Reaction kinetics for WAO 

WAO reactions for organic compounds have been extensively studied in laboratory batch 

reactors for kinetic purposes under a wide range of temperatures and pressures. The global reaction 

kinetic model is useful to understand the reaction mechanisms for pure compounds, while it is not 

sufficient for real wastewaters which contains a mixture of organic compounds. More detailed kinetic 

models are required for WAO of real wastewaters to describe the reaction rate. Thus, the reaction rate 
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has to be expressed by lumped parameters, such as TOC and COD (Luan et al., 2017), which could 

be as a verification of the generation of intermediates during WAO process. 

Table 1.10 Global kinetic models for WAO of organic compounds 

Refer. Pollutants Conditions 
Activation energy 

(kJ.mol-1) 
Pollutants 

order 
Oxygen 

order 
(Foussard Jean‐Noël et 
al., 1989) 

Acetic acid 
T=543-593 K,  
P=2.0-20 MPa 

167.7 1.0 0.37 

(Shende and Mahajani, 
1997) 

Formic acid 
T=423-513 K, 

=0.35-1.38 MPa 
121.3a 1.0 0.86 

(Shende and Levec, 
1999) 

3-hydropropionic 
acid 

T=523-583 K, 
=1-4.5 MPa 

135 1.0 0.5 

(Foussard Jean‐Noël et 
al., 1989) 

Oxalic acid 
T=500-561 K,  
P=2.0-20 MPa 

133.8 1.0 0.31 

(Shende and Mahajani, 
1994) 

Oxalic acid 
T=498-518 K, 

=0.69-1.03 MPa 
129.4a 1.0 0.32 

(Pruden and Le, 1976) Phenol 
T=473-523 K,  
P=5-15 MPa 

45.2 1 1 

(Helling et al., 1981) Phenol 
T=458-503 K, 

=10.4-15.6 MPa 
33.1 1 0 

(Harris et al., 1983) Phenol 
T=448-493 K, 

=9.3 MPa 
93.3 1 0 

(Joglekar et al., 1991) Phenol 
T=423-453 K, 

=0.3-1.1 MPa 
50c 1 1 

(Kolaczkowski et al., 
1999) 

Phenol 
T=418-483 K, =2.0-4.5 MPa 

92 
148a 

1 1.07 

(Day et al., 1973) Propionic acid 
T=505-561 K, 

=1.72-5.17 MPa 135 1.43 0.39 

(Merchant, 1992) Propionic acid T=523-548 K 139 1.0 0.0 
(Shende and Levec, 
1999) 

Propionic acid 
T=523-583 K, =1-
4.5 MPa 

150 
158b 

1.0 
1.0 

0.5 
0.61 

(Suárez-Ojeda et al., 
2007) 

Sodium 
dodecylbenzene 
sulfonate 

T=453-493 K, 
=1.5 MPa 

77.3c 
74.7d - 0 

abase on COD concentration. bbased on TOC concentration. cFirst step. dSecond step. 

Kinetic data for WAO of organic compounds is summarized in Table 1.10. In most case, a first-

order reaction was obtained with respect to the concentration of organic compounds and between zero 

and one for oxygen. These studies have resulted in a range of values for global kinetic constants with 

activation energy from 33.1 to 167.7 kJ.mol-1 for different organic compounds. The activation 

energies with respect to the concentration of organic compounds were smaller than that for TOC or 

COD concentration (Kolaczkowski et al., 1999; Shende and Levec, 1999). Moreover, the activation 

energies for carboxylic acids were higher than those for organic compounds possessing a lower 

oxygen content, among them, acetic acid with the highest activation energy of 167.7 kJ.mol-1. 

Nevertheless, during WAO process, organic compounds could first degrade to low molecular 

weight compounds and finally to lower molecular weight carboxylic acids, which is difficult to be 

further oxidized (Mishra et al., 1995; Shende and Mahajani, 1997). Thus, the oxidation of these acids 

to carbon dioxide and water often becomes the rate-controlling step in the overall wet oxidation 

process (Shende and Mahajani, 1997). The global rate of WAO depends on the formation of final 
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products as well as on the rates of formation and destruction of the intermediates (Debellefontaine 

and Foussard, 2000). Therefore, Li et al. (1991) proposed a generalized lumped kinetic model 

(GLKM) based on a simplified reaction scheme with acetic acid as a rate-limiting intermediate (Fig. 

1.8). Lump “A” includes parent organics and unstable intermediates, lump “B” contains the refractory 

intermediates represented chiefly by acetic acid and lump “C” represents end products. k1, k2, and k3, 

are apparent constants for the chemical reaction rates, which depend on reaction temperature and 

dissolved oxygen concentration. The GLKM has been applied to evaluate the experimental kinetic in 

several literature (Jin et al., 2004; López et al., 1999). 

 

Fig. 1.8 Generalized lumped kinetic model (GLKM) for WAO of organic compounds (Li et al., 1991) 

1.4.5 Mass transfer for WAO 

WAO process is a heterogeneous reaction and consists of two steps occurring in the overall 

WAO process: (1) a physical stage, involving oxygen transfer from the gas phase to the liquid phase; 

(2) a chemical stage, which involves the chemical reaction between the organic compounds and the 

transferred oxygen or an active species generated from oxygen (Bhargava et al., 2006). Generally, 

the mass transfer of oxygen across the gas-liquid phase boundary is considered as the combination of 

resistances between gas and liquid phases, where diffusional resistance is assumed to be concentrated 

in a thin film either side of the interface (Kolaczkowski et al., 1999). Due to the low solubility of 

oxygen in water, the transport of oxygen in the liquid phase is much slower than that in the gas phase. 

Thus, the gas phase resistance can be ignored, while the liquid film resistance controls the mass 

transfer  (Pruden and Le, 1976; Kolaczkowski et al., 1999). 

The overall volumetric gas-liquid mass transfer coefficient ( ) is represented by the following 

equation: = ( ∗ − , )                                            Eq. 1-2 

where  is the oxygen mass transfer rate,  is the liquid mass transfer coefficient,   is the gas-

liquid interfacial area,  ∗  is the saturation oxygen concentration (solubility), and ,  is the oxygen 

concentration in the bulk liquid. 

The oxygen solubility ( ∗ ) is enhanced with the increase of the temperature and oxygen partial 

pressure, which provides a strong driving force for the mass transfer (Kolaczkowski et al., 1999; 

Bhargava et al., 2006).  is affected by operating conditions, such as reactor geometry, temperature, 
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pressure, gas flowrate and liquid characteristics (Bhargava et al., 2006; Kastánek et al., 1993; 

Kolaczkowski et al., 1999; Shah et al., 1982). In order to achieve minimal limitations of mass transfer 

for the design of WAO reactor, several aspects should be considered: bubble diameter, gas holdup, 

gas-liquid interfacial area, liquid mass transfer coefficient, the reactor geometry and the material of 

construction (Kastánek et al., 1993; Bhargava et al., 2006; Shah et al., 1982; Leonard et al., 2019, 

2015).  

The smaller size of bubbles in the reactor will be the larger area available for mass transfer 

(Kolaczkowski et al., 1999). The bubble size in the reactor is influenced by sparger type, flow regime, 

the properties of liquid phase and operation conditions (Kolaczkowski et al., 1999). Moreover, for 

WAO reactor, a large liquid hold-up with sufficient interfacial area is required to avoid mass transfer 

limitations (Kolaczkowski et al., 1999). Gas holdup is defined as the ratio of gas volume to total fluid 

volume, which determines the extent of interfacial area used for mass transfer (Kastánek et al., 1993). 

Gas holdup depends on superficial gas velocity and rises the velocity of the bubble (Bhargava et al., 

2006; Leonard et al., 2015). Generally, gas holdup increases with the increase of superficial gas 

velocity (Clark, 1990; Wilkinson et al., 1992; Stegeman et al., 1996; Luo et al., 1999; Lau et al., 2004; 

Behkish et al., 2007). However, the capital and operating cost will increase accordingly due to the 

increased pumping requirement (Bhargava et al., 2006). The rise velocity of the bubble is linked to 

bubble size and liquid characteristics. The smaller bubbles have a slower rise velocity, resulting in a 

bigger area for mass transfer (Behkish et al., 2007). 

Thus, in the design of WAO process for glyphosate, it is necessary to study the effects of 

temperature and pressure, reaction kinetics and mass transfer. 

1.5 Microfluidic device 

Microfluidic technology is emerging as a new platform which could manipulate small volumes 

of fluids in a microchannel network with micro-scale dimensions (Meng et al., 2013). Microfluidic 

devices have a considerable impact on the fields of drug development and biomedical diagnostics and 

are also widely applied in the food and chemical industries. The initial uses of microfluidic devices 

were high throughput screening in microanalytical chemistry (Yi et al., 2014), biological analysis of 

proteins and cells (Tu et al., 2010), reaction kinetics and mechanisms studies (Sandel et al., 2012; 

Yao et al., 2015). The diminutive scale of the flow channels in microfluidic systems increases the 

surface to volume ration, resulting in providing many advantages for their applications (Lee et al., 

2011). Microfluidic devices have high mass and heat transfer capabilities, and the contact time, size 

and shape of the interface between fluids can be easily and precisely controlled (Licklider and Kuhr, 

1994; Yao et al., 2015). Furthermore, since the small volume capacity of microfluidic systems greatly 
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reduces the materials required to optimize reaction conditions, it can be effective to develop more 

sophisticated continuous flow reaction on increasingly complex molecular targets (Yao et al., 2015).  

Microfluidic devices used for chemical reactions have reported to have high yields and 

conversions and offer better control on mass and heat transfer within the reaction (Suryawanshi et al., 

2018), which allows better thermal control if unit operation. It is easy to scale up, scale down or 

modularize the processes (Scialdone et al., 2010).  

In the recent years, microfluidic reactors have been increasingly employed to wastewater 

treatment over conventional macroscale reactors (Lei et al., 2010; Han et al., 2013; Jayamohan et al., 

2016). This is because conventional macroscale reactors have many technical challenges, such as 

mass transfer limitations, energy consumption, poor management, etc. (Scialdone et al., 2011; 

Jayamohan et al., 2016; Pérez et al., 2017). The use of microfluidic reactor has the potential to reduce 

these limitations due to its large surface to volume ratio, smaller diffusion distance, large mass 

transfer efficiency and easy to control (Scialdone et al., 2011; Jayamohan et al., 2016). The 

microfluidic devices have been used to photodegradation (Yamada et al., 2010; Yoon et al., 2011; 

Eskandarloo et al., 2015), electrochemical oxidation (Scialdone et al., 2010, 2011; Pérez et al., 2017) 

and electro-Fenton oxidation (Scialdone et al., 2013) of organic pollutants to obtain high removal 

efficiency and reduce mass transfer limitations. Since one of the rate-limiting steps in WAO process 

is mass transfer of oxygen from the gas phase to the liquid phase due to its low solubility in water 

(Pruden and Le, 1976; Kolaczkowski et al., 1999), WAO performance can be enhanced by the 

increase of the gas-liquid oxygen mass transfer rate. Therefore, microfluidic device used for WAO 

process will be a very promising method for the treatment of glyphosate-containing wastewater due 

to its high mass transfer efficiency. Microfluidic devices can be made in a range of materials, such as 

stainless steel, ceramics, polydimethylsiloxane (PDMS), polymethyl-methacrylate (PMMA), glass, 

and silicon, depending on its application (Yao et al., 2015; Das and Srivastava, 2016). Among these, 

stainless steel microfluidic devices can be operated at high temperature and pressure, which can be 

potential device for continuous WAO process. 

1.6 Coupled advanced oxidation technology and biological treatment to treat emerging 

contaminants 

Wastewater produced in many industrial processes usually contains very complex and toxic 

organic compounds, which often requires severe remediation treatments (Mantzavinos et al., 1997; 

Suarez-Ojeda et al., 2007). At present, the various treatment technologies available to treat a variety 

of polluted aqueous streams are AOPs (UV irradiation, ozonation, wet air oxidation, Fenton, etc.), 

physical treatment (adsorption, filtration, reverse osmosis, etc.), biological treatment, etc. However, 
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the biological treatment cannot always give satisfactory results for many industrial wastewaters, 

because many organic compounds generated from the chemical and related industries are inhibitory, 

toxic or resistant to biological treatment (Mantzavinos et al., 1999; Suárez-Ojeda et al., 2007). 

Furthermore, AOPs might become extremely cost-intensive in order to obtain complete destruction 

of organic compounds. Marco et al. (1997) reported that the investment cost for chemical processes 

may be 5-20 times higher than biological processes due to the generation of intermediates formed 

during AOPs treatment which is refractory to be further totally oxidized (Mantzavinos et al., 1999). 

Due to the combination of both economic and environmental advantages, the coupling of AOPs as 

pretreatment with biological treatment is a promising technology for complete oxidation of organic 

compounds (Al Momani et al., 2004; Kotsou et al., 2004; Azabou et al., 2010). The main idea of 

coupling is to first treat the toxic and/or non-biodegradable effluent by AOPs to generate 

intermediated which are fully biodegradable, thus achieving the possibility of subsequent biological 

treatment for the complete degradation of organic compounds (Azabou et al., 2010). Table 1.11 

summarizes some integrated AOPs-biological systems for the treatment of various contaminants. 

This survey spans treatment problems ranging from singe organic contaminant to highly 

specialized industrial wastewater by different methods to combine AOPs and biological process. The 

AOPs include UV irradiation, photocatalytic oxidation, Fenton, ozonation, electrochemical oxidation 

or the combined processes, while biological treatments include pure and mixed, aerobic and anaerobic, 

acclimated and non-acclimated cultures. Integration of AOPs and biological processes can provide 

high degradation and mineralization efficiency and environmentally friendly treatment for 

wastewaters containing a pure organic compound, mixed contaminants or real wastewater which are 

not readily biodegradable.  Most studies on wastewater treatment by combined processes refer to 

laboratory and pilot scale tests.  

In combined AOPs and biological treatment, it is necessary to consider the characteristics of 

each individual treatment (Oller et al., 2011), such as AOPs type, chemical oxidation capacity (Jones 

et al., 1985; Lee and Carberry, 1992), the formation of intermediates (Trgovcich et al., 1983; Wang, 

1992), choice of biological agent, comparison of different cultures (Lee and Carberry, 1992), 

comparison of acclimated and non-acclimated culture (Hu and Yu, 1994).  
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       Table 1.11 Integrated AOPs-biological systems for the treatment of various contaminants. 

Refer. Target contaminants AOPs type Biological treatment Remarks 

(Torres et al., 
2003) 

5-amino-6-methyl-2-
benzimidazolone 
(AMBI) 

Electrochemical 
oxidation 

Fixed bed biological 
reactor 

100% AMBI degradation; complete 
mineralization of solution pre-treated. 

(Pariente et 
al., 2008) 

Benzoic acid 
Photo-Fenton 
process 

Activated sludge 
biosystem 

77% COD reduction 

(Stockinger 
et al., 1995) 

Chloro and nitro 
aromatic wastewater 

O3 
Activated sludge 
biosystem 

Total mineralization of chloro and nitro 
aromatics 

(Al Momani 
et al., 2004) 

2,4-dichlorophenol 
Photo-Fenton 
process 

Biological 
sequencing batch 
reactor 

Complete 2,4-dichlorophenol removal 
and 70% TOC reduction 

(Chen et al., 
2009) 

di-(2-ethylhexyl) 
phthalate (DEHP) 

Photo-Fenton 
process 

Fixed bed reactor 
Complete mineralization; BOD5/COD 
ratio increased from 0.19 to 0.45 

(Park et al., 
2001) 

Dimethyl sulphoxide Fenton process 
Activated sludge 
biotreatment 

90% TOC removal; BOD5/COD ratio 
increased from 0.035 to 0.87 

(Toor and 
Mohseni, 
2007) 

Disinfection 
byproducts (DBPs) 

UV/H2O2 
Biological activated 
carbon treatment 

43% and 52% reduction for DBPs and 
TOC, respectively  

(Yongrui et 
al., 2015) 

Hydrolyzed 
polyacrylamide  

Fenton oxidation 
Anaerobic baffled 
reactor 

Maximum COD and hydrolyzed 
polyacrylamide removal of 94.61% 
and 91.06%, respectively 

(Lafi and Al-
Qodah, 2006) 

Pesticides effluents O3; O3/UV 
Acclimated activated-
sludge system 

Complete removal of pesticide; >95% 
COD removal 

(Amat et al., 
2003) 

Phenolic pollutants O3 
Activated sludge 
biotreatment 

50% COD removal; biodegradability 
increased 10 times 

(Nadarajah et 
al., 2002) 

Polycyclic aromatic 
hydrocarbons 

Fenton process 
A mixed bacteria 
culture 

80-85% of polycyclic aromatic 
hydrocarbons removal 

(Rafin et al., 
2009) 

Polycylic aromatic 
hydrocarbon 
benzo[a]pyrene 

Fenton process Fusarium solani 25% benzo[a]pyrene degradation 

(Bijan and 
Mohseni, 
2008) 

Paper mill wastewater 
Ozonation 
(membrane pre-
treatment) 

Activated sludge 
biosystem 

40-50% complete mineralization of 
organic compounds 

(Ballesteros 
Martín et al., 
2009) 

Pesticide mixture 
Photo-Fenton 
process 

Activated-sludge 
batch reactor 

Complete removal of pesticide 

(Badawy et 
al., 2009) 

Olive mill wastewater 
Photo-Fenton 
process 

BOD 
87%, 84% and 97.44% of COD, TOC, 
lignin removal; BOD5/COD increased 
from 0.19 to 0.8 

(Lafi et al., 
2009) 

Olive mill wastewater UV/O3 
Batch aerobic 
biological system 

91% COD removal 

(El-Gohary et 
al., 2009) 

Olive mill wastewater 
Wet hydrogen 
peroxide catalytic 
oxidation 

Upflow anaerobic 
sludge blanket reactor 

77% COD removal and 71% TOC 
removal 

(Azabou et 
al., 2010) 

Olive mill wastewater 
Wet hydrogen 
peroxide catalytic 
oxidation 

Anaerobic digestion 
treatment 

The combined treatment enhanced the 
yield of biogas production. 

(Wang et al., 
2008) 

Surfactant wastewater 
containing abundant 
sulfate 

Fenton process 
Immobilized biomass 
reactor 

94% and 99% of COD and linear 
alkylbenzene sulfonate removal, 
respectively 

(Kotsou et 
al., 2004) 

Table olive processing 
wastewater 

Fenton process Aspergillus niger 
70% COD removal and 41% total 
phenolic compounds reduction 

(Yan et al., 
2010) 

Trihalomethanes 
precursor 

Ozonation 
Biological granular 
activated carbon 
filtration 

38% of dissolved organic compounds 
removal 

 

The AOPs type used in integrated AOPs-biological treatment schemes will determine the 

oxidation intermediates and thus affect the subsequent biodegradability of the reaction products and 

the overall effectiveness of the combined system (Scott and Ollis, 1995). With respect to the choice 

of AOPs type, the appropriate biological process is dependent on the characteristics of the wastewater 
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and the goal of the treatment (Scott and Ollis, 1995). Table 1.11 shows that pure cultures used for 

biological treatment in the integrated processes are effective to reduce the concentration of the target 

compounds. Complete mineralization is generally not achieved, resulting in the accumulation of 

intermediates and possibly requiring the addition of post-treatment. The mixed cultures represent 

higher efficiency for organic compounds removal by the combined processes. And an interesting 

aspect of the biological processes for the combined treatment is the effect of acclimation on the 

degradation ability (Scott and Ollis, 1995). The acclimation process to the substrate for 

microorganisms is necessary to maximize the degradation efficiency of specific compounds. This is 

accomplished by increasing the concentration of substrate over a period of time to achieve the growth 

of culture which could use the substrate as a carbon, nitrogen, phosphorus or nutrient source (Scott 

and Ollis, 1995). 

The evaluation of the performance of integrated AOPs and biological process depends on the 

purpose of the treatment, but normally the independent optimization of each AOPs and biological 

step is required. In order to find the optimal operating conditions for the combined process, it is 

important to measure the efficiencies of the individual AOPs and biological efficiencies. Thus, several 

analytical parameters should be monitored during each step for the combined treatment. For AOPs, 

the parameters generally measured are TOC, COD, the concentration of target compounds and 

intermediates, and complete oxidation of heteroatoms released (N, P, Cl, etc.) as inorganic species 

(NH4
+, NO3

-, PO4
3-, Cl-, etc.) (Oller et al., 2011). It is also important to perform biodegradability tests 

to ensure the AOP effluent to be successfully treated by the following biological treatment. The 

biodegradability assessment can be monitored by analysis of general parameters (COD, BOD, 

dissolved organic carbon), calculation of BOD5/COD ratio, or oxygen uptake rate (OUR) (Oller et 

al., 2011). BOD has been used in many studies (Kaçar et al., 2003; Park et al., 2001; Scott and Ollis, 

1995). However, BOD measurement has limitations, including the requirement for a suitably active 

microbial inoculum and the lack of stoichiometric validity over the entire period of the test (Scott and 

Ollis, 1997). OUR is a rapid alternative method to BOD biodegradability test. The OUR by activated 

sludge in the presence of organic compounds can be compared to endogenous biomass respiration in 

a short period of time. This method has been used to assess the biodegradability of chloro- and nitro-

aromatic containing wastewaters, phenolic wastewater, textile wastewater, landfill leachate 

wastewater, etc., treated by AOPs (Stockinger et al., 1995; Amat et al., 2003; Arslan-Alaton et al., 

2005; Rubalcaba et al., 2007; Goi et al., 2009). During the biological treatment, it is necessary to 

analyze several parameters, such as biomass concentration, TOC, COD, pH and dissolved oxygen, 

etc.  
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In previous studies, most literature reported on UV irradiation, photocatalysis, ozonation, Fenton, 

as well as various combination of these process as chemical pretreatment, while relative few studies 

on WAO as a pretreatment step. Some studies on the treatment of various contaminants by combined 

WAO with biological treatments are summarized in Table 1.12 It shows that to combine WAO 

process with activated sludge system is a promising technology to treat organic compound to achieve 

almost complete mineralization. 

Table 1.12 Integrated WAO-biological systems for the treatment of various contaminants. 

Refer. 
Target 

contaminants 
WAO conditions Biological treatment Remarks 

(Minière et 
al., 2017) 

Phenol 
T=423-573 K, P=30 
MPa 

Packed-bed biofilm 
reactor 

99% and 97% phenol and TOC 
removal, respectively 

(Lin and 
Chuang, 
1994a) 

Phenolic 
wastewater 

T=423-573 K; air flow: 
1-1.5 L.min-1 

Acclimated activated 
sludge system 

>99% COD removal 

(Suárez-
Ojeda et al., 
2008) 

Substituted phenols 
T=488-538 K, =0.2-
0.9 MPa  

Activated sludge 
biosystem 

>86% TOC abatement; maximum 
readily biodegradable COD fraction: 
24% for phenol 

(Suarez-
Ojeda et al., 
2007) 

o-cresol 
T=433 K, =0.2 
MPa; catalyst: 
activated carbon 

Activated sludge 
biosystem 

98% COD removal 

(Kaçar et al., 
2003) 

Afyon alcaloide 
factory wastewater 

T=423 K, =0.65 
MPa 

BOD 
BOD5/COD ratio increasing from 
0.15 to above 0.5 

(Patterson et 
al., 2002) 

Linear alkylbenzene 
sulfonates 

T=453-513 K, =1.5 
MPa 

A mixed bacterial 
culture 

Maximum TOC removal: 93.8%; 
maximum COD reduction: 91.7% 

(Otal et al., 
1997) 

Polyethylene glycol T=423 K, =3 MPa Continuous 
fermentation system 

93.5% TOC removal 

(Kang et al., 
2011) 

Wastewater from 
Vitamin B6 
production 

T=483-543 K, catalyst: 
CuO/Al2O3 

Anaerobic/aerobic 
biological process 

99.3% COD reduction 

 

1.7 Conclusions 

The treatment of wastewater containing emerging contaminants is a severe worldwide problem, 

which requires effective proposals. Glyphosate, as a typical emerging contaminants, has been 

frequently detected in the aqueous environment, which could cause several adverse effects to plants, 

animals and humans. Plenty of treatment technologies have been used to remove glyphosate from 

wastewater. Post-treatment is needed for physical treatment, long residence time is required for 

biological treatment and incomplete mineralization exists for AOPs. 
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Bibliographical study shows that it is necessary to find a more effective and safer method to treat 

glyphosate-containing wastewater. The integrated WAO-biological systems have been reported to be 

an effective method to treat organic compounds. WAO process as a pretreatment could enhance the 

biodegradability of effluent which could be successfully treated by the following biological treatment. 

Thus, in this thesis, a compact process coupling WAO process and biological treatment was 

developed to treat glyphosate-containing wastewater in order to improve the removal and 

mineralization efficiency of glyphosate. In order to evaluate the performance of the compact process, 

the efficiencies of glyphosate degradation by individual WAO and biological process should be 

studied. Since the oxidation of pollutants by WAO process is controlled by two steps: mass transfer 

of oxygen from the gas phase to the liquid phase; reaction between pollutants and the dissolved 

oxygen. Thus, it is necessary to predict and improve the mass transfer efficiency and study the 

reaction kinetics of glyphosate by WAO process. Microfluidic device is a promising method to reduce 

the mass transfer limitation and then increase the performance of WAO process, due to its large 

surface to volume ratio, high mass transfer efficiency, high conversion, and easy control. Moreover, 

in order to know the degradation mechanisms for glyphosate by the integrated WAO-biological 

treatment, it is necessary to study the degradation pathways of glyphosate by the compact process.  

Thus, main objectives of this thesis are: 

(1) Investigating bubble characteristics under WAO conditions in order to predict mass transfer; 

(2) Elucidating glyphosate degradation by WAO process or biological treatment, as well as its 

degradation pathways; 

(3) Setting up a microfluidic device for WAO process to treat glyphosate-containing wastewater 

(4) Validating a compact process coupling WAO with biological treatment in order to increase 

the degradation and mineralization efficiencies of glyphosate from wastewater; 

(5) Proposing a degradation pathway of glyphosate by the compact process; 

Therefore, in order to evaluate the performance of the combined process, it is necessary to study 

the efficiencies of the individual WAO and biological process. For WAO process under high 

temperature and pressure, the overall oxidation of pollutants is controlled by two steps: mass transfer 

of oxygen from gas to liquid phase; reaction between pollutants and dissolved oxygen. Thus, in order 

to design and optimize WAO process, it is necessary to predict the mass transfer efficiency. Due to 

the low oxygen solubility in water, mass transfer is controlled by gas-liquid transfer, which is 

significantly affected by bubble properties and a function of specific interfacial area. Thus, to 

optimize the WAO process on the mass transfer phenomena, it is essential to know the bubble 

characterization and interfacial area in WAO process at different operating conditions. Bubble 
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column, a good gas-liquid operation, which has been frequently used to evaluate bubble 

characteristics and interfacial area due to its simplicity, low operation cost, high thermal stability and 

high energy efficiency, can be a promising method to predict mass transfer for WAO process. Thus, 

in next chapter, a small bubble column at laboratory scale was used to study the bubble characteristics 

and interfacial area under WAO conditions in order to predict the mass transfer of WAO process and 

scale-up WAO process.
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Chapter 2 Bubble characterization and gas-liquid interfacial area in two 

phase gas-liquid system in bubble column at low Reynolds number 

and high temperature and pressure 

This chapter has been published in the journal “Chemical Engineering Research and Design” 

(Volume 144, April 2019, Pages 95-106, DOI: 10.1016/j.cherd.2019.02.001). 
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Abstract 

Bubbles hydrodynamic in gas liquid contactor, including bubble size distribution, bubble size and 

gas-liquid interfacial area, was evaluated as a function of superficial gas velocity, superficial liquid 

velocity, temperature, pressure and different gases (N2 and He) and liquids (water and ethanol/water 

mixture) phases. The results showed that with the increase of superficial gas velocity, the bubble size 

distribution shifted from smaller- to larger-size bubble and the Sauter mean diameter, the gas holdup 

and the interfacial area generally increased due to the increase of coalescence. The effect of superficial 

liquid velocity on bubble characteristics was not significant. Pressure and temperature showed slight 

influence on gas holdup and interfacial area. The bubble characteristics were not significantly 

influenced by the type of gas phase, but mainly affected by the liquid composition. Correlations to 

predict Sauter mean bubble diameter and the gas holdup are developed using Kanaris correlation and 

in good agreement with experimental results. 

Keywords: Bubble column; bubble size distribution; gas holdup; interfacial area; wet air oxidation 

 

2.1 Introduction 

Bubble columns are widely used in many industrial gas-liquid operations (e.g. wet air oxidation, 

gas/liquid reactions, fermentations, agitation by gas injection) in chemical and biochemical industries 

due to their simple construction, no mechanically moving parts, low operating cost, high thermal 

stability, high-energy efficiency and good mass transfer capabilities (Kanaris et al., 2018). Most 

research for bubble columns focused on ambient conditions, while many industrial bubble columns 

are operated at extreme conditions with high temperatures and pressures (Pohorecki et al., 2001 ; 

Léonard, 2015). Among the different processes operated in bubble columns, Wet Air Oxidation 

(WAO) is for instance widely recognized as one of the most efficient technology for wastewater 

treatment with high pollutant removal efficiency and less toxic by-products (Barge and Vaidya, 2018). 

WAO accomplishes oxidation at high temperature (up to 325℃) and high pressure (up to 30MPa) 

(Leonard et al., 2015). To design and optimize WAO processes, it is necessary to predict the mass 

transfer efficiency in the bubble column. However, in the literature, almost no papers reported bubble 

columns studies under WAO conditions. Only few research have been carried out at temperatures 

over 373K or at pressure over 3MPa in air-water or oxygen-water systems (Clark, 1990; Wilkinson 

et al., 1992; Luo et al., 1999; Pohorecki et al., 2001; Lau et al., 2004; Jin et al., 2014). Consequently, 

this article proposes an experimental focus on bubbles characterisation in WAO process conditions 

and can be obviously used in any gas liquid contactor working in these conditions.
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Table 2.1 Available literature studies on bubble characteristics in bubble column reactors 

Reference System Conditions Remarks 
(Akita and 
Yoshida, 1973) 

D=0.15m, H=4m 
Air-H2O, glycol, carbon tetrachloride, 
methanol 

P: 0.1MPa; T: 293K; UG: up to 0.33m.s-1 d32 decreased with UG 

(Clark, 1990) D=0.075m, H=3m 
N2, H2-H2O, CH3OH 

P:2.5-10MPa; T: 293-453 K; UG: 0.002-
0.055m.s-1; UL:0.0014m.s-1 

εG increased with UG and P 
 

(Oyevaar et al., 
1991) 

D=0.081 m, H=0.081 and 0.81 m 
N2, CO2-water, diethanolamine 

P: 1-8.0 MPa; T: 298 K 
UG: 0.01-0.1 m/s 

εG increased with P; the increase of a with 
increasing P was larger for higher UG; 

(Wilkinson et al., 
1992) 

D=0.158m, H=1.5m 
N2-H2O, n-Heptane, Mono-ethylene glycol 

P:  0.1-2.0MPa; T: 293-313K; UG: 0.002-
0.055m.s-1; UL: 0.11m.s-1 

εG increased with UG and P 
 

(Wilkinson et al., 
1994) 

D=0.158 m, H=1.5 m 
He, N2, Ar, CO2, SF6-water, n-Heptane, 
Mono-ethylene glycol, Na2SO3 

P: 0.1-0.8 MPa; T: 293 K; UG: up to 0.2 
m/s 

εG increased with P; volumetric mass transfer 
coefficient increased with P at high UG; while no 
effect of P at low UG  

(Stegeman et al., 
1996) 

D=0.156 m, H=0.64 m 
N2, CO2-water, diethanolamine 

P: 0.1-6.6 MPa; T: 298 K 
UG: up to 0.06 m/s 

εG increased with UG; a increased with P and 
moderately affected by UG 

(Lin et al., 1998) D=0.0508-0.1016 m, H=0.8-1.58 m 
N2-Paratherm NF 
 

P: up to 20 MPa; T: 300-351 K; 
UG: 0.02-0.08 m/s 

εG increased with P and T; Maximum stable 
bubble size decreased with T and P 

(Luo et al., 1999) D=0.102m, H=1.37m 
N2-Paratherm NF 

P: 0.1-5.6MPa; T: 301 and 351K; UG: up 
to 0.4m.s-1 
 

εG increased with UG and P; Smaller bubble size at 
high pressure; Maximum bubble size increased 
with UG, but decreased with P 

(Pohorecki et al., 
1999) 

D=0.304 m, H=3.99 m 
N2-H2O 

P: 0.1-1.1 MPa; T: 303-433℃; UG: 0.002-
0.055 m/s; UL: up to 0.02 m/s 

d32 slightly with UG; No influence of P and T on 
d32 and εG 

(Pohorecki et al., 
2001) 

D=0.3 m, H=4 m 
N2-cyclohexane 

P: 0.2-1.1 MPa; T: 303-433 K; UG: 0.002-
0.055 m/s; UL: 0.14 cm/s 

No effect of P and T on d32; no effect of P on εG; 
εG increased with T; a increased with T 

(Schäfer et al., 
2002) 

D=0.54 m, H=0.475 m 
N2-H2O, cyclohexane, Na2SO4 solution  

P: up to 5 MPa; T: up to 448 K; UG: up to 
0.37 cm/s 

d32 decreased with P; d32 increased along the 
height of column; Effect of T on d32 

(Maalej et al., 
2003) 

D=0.046 m, H=0.25 m 
N2, CO2-NaOH, Na2CO3/NaHCO3 

P: up to 5 MPa; T:293 K; UG: up to 0.03 
m/s; UL:0.067 m/s 

a increased with P 

(Lau et al., 2004) D=0.0508m and 0.1016m 
N2, air-Paratherm NF 

P: up to 4.24MPa; T: up to 365K; UG: up 
to 0.4m.s-1; UL: 0.08-0.89cm.s-1  

εG increased with UG, T and P, but slightly 
decreased with UL; a increased with P and T; 

(Chaumat et al., 
2005) 

D=0.2m, H=1.6m 
N2, CO2-H2O, cyclohexane 

P: atmospheric pressure; T: 293K; UG: up 
to 0.14m.s-1; UL: up to 0.08m.s-1 

εG increased with UG, but slightly decreased with 
UL; εG was slightly greater in cyclohexane than in 
H2O 
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(Sehabiague et 
al., 2005) 

D=0.3 m, H=3 m 
N2, He-Fishcher-Tropsch 

P: 0.17-3.0 MPa; T: 298-453 K εG and mass transfer parameters increased with 
UG, P and T 

(Majumder et al., 
2006) 

D=0.05m, H=1.6m 
Air-H2O 

P: atmospheric pressure; T: 302K; UG: 
0.17-1.358cm.s-1; UL: 7.07-14.14cm.s-1 

d32 increased with UG, but decreased with UL; a 

increased with UL 

(Behkish et al., 
2007) 

D=0.29m, H=3m 
N2, He-Isopar-M 

P: 0.67-3MPa; T: 300-473K; UG: 0.07-
0.39m.s-1 

εG increased with UG, and T; Effect of P on εG; d32 
decreased with P; Effect of T on d32; d32 (N2)> d32 
(He) 

.(Baz-Rodríguez 
et al., 2014) 

D=0.095 m, H=1.2 m 
O2-H2O, NaCl, MgCl2, CaCl2 

P: atomospheric pressure; T: 303 K; UG: 
0.0005-0.0197 m/s 

a increased with UG; 

(Jin et al., 2014) D=0.1m, H=1.25m 
H2, CO, CO2-Paraffin 

P: 1.0-3.0MPa; T: 293-473K; UG: 0.03-
0.1m.s-1 

a increased with UG, P and T  

(Kanaris et al., 
2018) 

D=0.05m, H=0.35m 
Air, CO2, He-H2O, aqueous glycerine (40%, 
v/v) 

P: atmospheric pressure; T: ambient 
temperature; UG: 0-0.064m.s-1 

εG increased with UG; d32 was not considerably 
affected by gas type but mainly affected by liquid 
type 

(Mohagheghian 
and Elbing, 2018) 

D=0.063-0.102m, H=0.61-1.22m 
Air-H2O 

P: up to 0.6MPa; T: 293 -295K; UG: 0.14-
5.5cm.s-1; UL: up to 0.08 

d32 decreased with UG 
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In all above processes, bubble size distribution and gas holdup are important design parameters, 

which have been often used to define the gas-liquid interfacial area available for mass transfer  (Akita 

and Yoshida, 1974; Stegeman et al., 1996; Pohorecki et al., 2001; Majumder et al., 2006; Kanaris et 

al., 2018). The operation of bubble columns can be affected by several parameters. Gas and liquid 

superficial velocities, temperature, pressure, liquid-phase viscosity, density and surface tension have 

been indicated to affect the formation and stability of the gas bubbles and then the hydrodynamic and 

mass transfer behaviour in the bubble column reactors (Behkish et al., 2007). 

 Table 2.1 summarizes available literature studies on the influence of operation parameters on 

bubble characteristics in bubble columns. Many research reported that with the increase of gas 

superficial velocity, the gas holdup enhanced, inducing an increase in bubbles number, turbulence 

and collision frequency, resulting in the increase of bubble size (Clark, 1990; Wilkinson et al., 1992; 

Luo et al., 1999; Lau et al., 2004; Majumder et al., 2006; Behkish et al., 2007; Kanaris et al., 2018). 

However, Mohagheghiana and Elbing (2018) and Akita and Yoshida (1974) both observed a decrease 

in Sauter mean diameter of bubbles with increasing gas superficial velocity. Majumder et al. (2006) 

indicated that in an air-water system, bubble size decreased with increasing liquid superficial velocity, 

due to bubble breakup. Chaumat et al. (2005) indicated that in a cyclohexane/N2-CO2 system, gas 

holdup decreased by increasing the liquid superficial velocity. For an air-water system, Schäfer et al. 

(2002) reported a significant decrease of bubble size when increasing the pressure up to 5MPa at 

ambient temperature with different types of spargers in the homogeneous regime, while a plateau for 

the effect of pressure on bubble size has been observed by some authors (Chilekar, 2007; Hashemi et 

al., 2009; Chilekar et al., 2010; Kumar et al., 2012; Pjontek et al., 2014). Moreover, it is commonly 

observed by many authors that a pressure increase results in an increase of gas holdup (Therning and 

Rasmuson, 2001; Urseanu et al., 2003; Maalej et al., 2003; Hashemi et al., 2009; Chilekar et al., 2010; 

Kumar et al., 2012; Pjontek et al., 2014), which is attributed to the increase of gas density, the 

reduction of the bubble size, and the increase of bubble number density (Behkish et al., 2007). 

Generally, with the increase of temperature, bubble diameter decreases and gas holdup increases (Lau 

et al., 2004; Behkish et al., 2007; Hashemi et al., 2009), while no effect (Pohorecki et al., 1999) or 

even negative effect (Deckwer et al., 1980; Grover et al., 1986; Yang et al., 2001) of temperature on 

gas holdup have been reported. Lin et al. (1998) reported a decrease of the maximum stable bubble 

size of N2 in Paratherm NF fluid with temperature due to a combined effect of the decrease of surface 

tension and liquid viscosity. Several publications also revealed that gas holdup increased with the 

reduction of liquid viscosity and surface tension (Kawase et al., 1992; Wilkinson et al., 1992). Apart 

from pressure and temperature, physical properties of the phases can also play a role in the bubble 
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characteristics. This influence will be tested using different gases and liquids, allowing significant 

variations of the phases properties. 

For the design and scale-up of bubble column reactors for industrial processes, the knowledge 

of mass transfer between gas-liquid contacting systems is required. In many gas-liquid systems, the 

mass transfer rate is controlled by volumetric mass transfer coefficient, which is a function of specific 

interfacial area (Majumder et al., 2006). Thus, it is essential to study the interfacial phenomena in the 

gas-liquid system at different operating conditions. In recent years, most research focused on mass 

transfer characteristics in bubble columns at atmospheric conditions, few data obtained on volumetric 

mass transfer coefficient and interfacial area at high pressure and high temperature (Jin et al., 2014). 

Pohorecki et al. (1999) and Baz-Rodríguez et al. (2014) reported that with the increase of the 

superficial gas velocity, the interfacial area increased. Chaumat et al. (2005) found that the local 

interfacial area decreased with superficial liquid velocity in different liquid-gas phase with 

cyclohexane or water as liquid phase and N2 or CO2 as gas phase. Oyevaar and Westerterp (1991) 

observed a positive influence of pressure on the interfacial areas at pressure up to 8MPa in a 

mechanically  stirred gas-liquid reactor and a bubble column, consistent with Stegeman et al. (1996) . 

Sehabiague et al. (2005) reported that volumetric mass transfer coefficient values and gas holdup 

increased with the increase of the pressure, operating temperature and superficial gas velocity in a 

slurry bubble column under the range of pressure 0.17-3.0MPa and the range of temperature 298-

453K. However, at low superficial gas velocity (UG < 3cm.s-1), no effect of pressure on mass transfer 

was observed for pressure between 0.1-0.8MPa (Wilkinson et al., 1994) and a decrease of the values 

with pressure was reported by Maalej et al. (2003). Furthermore, most research point out that the 

interfacial area values seems to increase with the increase of temperature (Pohorecki et al., 2001; Jin et 

al., 2014). Nevertheless, it was also reported that the interfacial area increased with increasing 

superficial gas velocity and pressure, while decreased with the increase of the temperature (Lau et al., 

2004). All this literature analysis is summed up in Table 2.1 

Therefore, the objective of this study is to investigate the effect of gas and liquid superficial 

velocity, pressure (10-20MPa), temperature (373-473K) on bubble size distribution and interfacial 

area. In order to evaluate these effects in very different conditions, the physical properties of the 

phases must be changed on a large range. For that purpose, different liquid-gas systems (water-N2 

system, water-He system, ethanol/water mixture-N2 system and ethanol/water mixture-He system) 

has been used. 
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2.2 Experimental methods 

2.2.1 Experimental setup 

Fig. 2.1 shows a schematic diagram of the bubble column used in this study (Top Industrie, 

France). The system consists of a vertical column, liquid and gas supplying equipment, two piston 

pumps used for gas and liquid, a liquid exhaust reservoir, an oven, a buffer tank and a pressure limiter. 

The bubble column, made of sapphire, has an internal diameter of 1cm and an outer diameter of 2.4cm 

with 0.7cm thick wall. The height and the total volume of the bubble column are 10cm and 8mL, 

respectively. The column is intended to operate at pressures up to 20MPa and temperatures up to 

473K. The liquid pump is a volumetric piston pump, with a total volume of 53mL, delivering a liquid 

flowrate up to 16 mL.min-1. In this study, the liquid flow rate was set at 1, 3 and 5 mL.min-1 (i.e. 

liquid superficial velocity of 0.022, 0.066 and 0.122 cm.s-1 respectively). These values are coherent 

with those used in industrial bubble columns and allow enough time to reach the steady state regarding 

the volume of the pump reservoir. The precision on the flow rate is 0.3%. The purity of N2 and He 

are both higher than 99% (supplied by Air Liquid). The gas pump is also a volumetric piston pump 

with total volume of 52mL and maximum flow rate of 22mL.min-1. In this study, 1-10mL.min-1of gas 

flow rate was used to obtain gas superficial velocity of 0.028-0.276 cm.s-1. The gas phase is injected 

through a nozzle with an average pore size of 80 m. The temperature of both fluids is controlled in 

the oven, a vitreous oven with a volume of 32 L (Memmert). The temperature of the oven is controlled 

up to ±0.1℃. A pressure limiter (TESCOM) is used for pressure regulation, controlled by the user 

through a pressure sensor. A buffer tank is placed before pressure reduction to avoid large rises or 

declines of pressure or non-negligible pressure oscillations in the bubble column during the passage 

from the liquid to the gas through the pressure limiter. A camera is used to record the bubbles 

behaviour in the column with a 19MPixel resolution, equipped with a 69mm macro lens with fixed 

focal length (Canon EOS M®). The accuracy of diameter measurement with a photo is ±38 m 

(corresponding to 2 Pixels).  



Chapter 2: Bubble characterization and gas liquid interfacial area in two phase gas-liquid system in bubble column 

at low Reynolds number and high temperature andpressure 

 

63 
 

 

Fig. 2.1 Schematic diagram of experimental setup. 1 – gas tank; 2 – syringe used for liquid; 3 – liquid pump; 
4 – gas pump; 5 – liquid purge; 6 – gas purge; 7 – liquid coil; 8 – gas coil; 9 – oven; 10 – bubble column; 11 

– gas sparger; 12 – buffer tank; 13 – pressure limiter; 14 – liquid outlet; 15 – monitor; 16 – camera; 17 – 
lamp. 

In this study, N2 or He and water or ethanol/water mixture are used as the gas and liquid phase 

respectively. The operating variables are shown in Table 2.2. With the increase of pressure, the 

density of gas phase significantly increases, while the effect on liquid properties, gas viscosity and 

dimensionless numbers are independent. As temperature increases, gas and liquid density, liquid 

viscosity, liquid surface tension, Oh number and Mo number all decrease, whereas Ar and Eo number 

increase. 
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Table 2.2 Physical properties of liquid and gas phases at different pressures and temperatures (“Thermophysical properties of fluid systems,” n.d.) 

Conditions Liquid phase Gas phase Dimensionless number 

Liquid phase Gas phase 
T 

(K) 
P 

(MPa) 
Density 
(g.mL-1) 

Viscosity 
( Pa.s) 

Surface 
tension 

(mN.m-1) 

Density 
(g.mL-1) 

Viscosity 
( Pa.s) Ar Eo Mo Oh 

H2O N2 373 
10 0.963 284.4 58.9 0.087 22.6 31978 16 3.3E-11 3.8E-4 
15 0.965 285.7 58.9 0.128 23.5 31960 16 3.3E-11 3.8E-4 
20 0.967 287.1 58.9 0.166 24.6 31943 16 3.4E-11 3.8E-4 

H2O N2 423 
10 0.922 184.9 48.7 0.077 24.4 45096 18 1.1E-11 2.8E-4 
15 0.925 186.1 48.7 0.112 25.2 45087 19 1.1E-11 2.8E-4 
20 0.928 187.3 48.7 0.145 26.0 45082 19 1.1E-11 2.8E-4 

H2O N2 473 
10 0.871 136.4 377 0.068 26.2 54539 23 7.3E-12 2.4E-4 
15 0.875 137.6 37.7 0.100 26.8 54561 23 7.5E-12 2.4E-4 
20 0.877 138.8 37.7 0.130 27.5 54341 23 7.8E-12 2.4E-4 

H2O He 373 10 0.963 284.4 58.9 0.012 23.2 31978 16 3.3E-11 3.4E-4 
Ethanol/wa-ter 
mixture (1:1, 

v/v) 

N2 
373 10 0.796 448.0 31.3 

0.087 22.6 13869 24 1.6E-09 9.0E-4 

He 0.012 23.4 13869 24 1.6E-09 9.0E-4 
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2.2.2 Data analysis 

2.2.2.1 Bubble size determination 

In this study, bubble size distribution of the liquid-gas mixture was obtained by photographic 

method. The shapes of the bubbles were considered ellipsoidal. Under these conditions, the maximum 

and minimum axis of the ellipse were measured.  Then an equivalent spherical bubble diameter was 

calculated by the following equation (Majumder et al., 2006):  

,� = √ , , �                                                Eq. 2-1 

where ,  and , �  are the maximum and minimum diameter of bubbles. The bubble size 

distribute 

ons were obtained by sorting the equivalent diameters of the bubbles into different uniform classes. 

The minimum number of bubble diameter classes required for the construction of the size distribution, 

N, was calculated using Sturges’ rule (Sturges, 1926) given by: = + log                                                       Eq. 2-2 

 is the sample size. In this study, the number of classes used for the construction of the bubble 

distributions is 10, with equal intervals. Furthermore, the column is divided into three vertical stages 

(0-3.3, 3.3-6.6 and 6.6-10cm) to evaluate the effect of the height along the column on the bubble sizes. 

For the consistency of the experiments, measurements of all bubbles in the column were performed 

with several pictures for each operating condition. Then the Sauter mean diameter ( ) was 

calculated as follows (Eq. 2-3): 

= ∑ � ,��∑ � ,��                                                      Eq. 2-3 

where � is the bubble number for each class. 

2.2.2.2 Gas holdup measurement 

Gas holdup in a bubble column is defined as the fraction of the gas phase volume occupied in 

the total volume of two- or three-phases mixture (Tang and Heindel, 2006).  � = ∑ �� ,��                                                         Eq. 2-4 

,� = ,                                                    Eq. 2-5 
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, = �+ �+                                                       Eq. 2-6 

where ,� and  are the bubbles volume at each class and the volume of the column, respectively; 

,  is the equivalent mean diameter at each class; � and �+  are initial diameter and final diameter 

at class i. 

2.2.2.3 Calculation of gas-liquid interfacial area  

Gas-liquid interfacial area ( ) was calculated using the Sauter diameter by following equation 

(Eq. 2-7) (Maceiras et al., 2010): = ��−��                                                        Eq. 2-7 

2.3 Results and discussion 

The dominant parameter controlling bubbles dispersion state is the dynamic size variation of the 

bubbles due to the local bubble coalescence and breakup. It is however difficult to make an accurate 

evaluation of these two phenomena. Therefore, global variation of bubble size has been evaluated. 

Bubbles’ characteristics (bubble size, gas holdup and interfacial area) are evaluated through the direct 

video visualization of bubbles under three pressure and temperature and different gas and liquid 

superficial velocity conditions. Three examples are shown in Fig. 2.2. 

                   
             (a)                                (b)                                 (c) 

Fig. 2.2 Photograph (a) N2-H2O system, UG=0.083 cm.s-1, UL=0.022 cm.s-1, T=373K, P=10MPa; (b) N2-H2O 
system, UG=0.276 cm.s-1, UL=0.022 cm.s-1, T=373K, P=10MPa; (c) N2-ethanol/water mixture system, 

UG=0.083 cm.s-1, UL=0.022 cm.s-1, T=373K, P=10MPa 

2.3.1 Effect of superficial gas velocity 

As an example of raw data, the bubble number distribution and number fraction distribution 

under various superficial gas velocity and pressure at the temperature of 373K and the superficial 
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liquid velocity of 0.022 cm.s-1 is presented in Fig. 2.3. The width of the distribution increases with 

the increase of the superficial gas velocity, which is in good agreement with the previous studies (Lin 

et al., 1998; Mouza et al., 2005; Ramezani et al., 2012). The trends can be due to the increase of 

coalescence and breakup by the increase of superficial gas velocity, resulting in the growth of 

collision frequency (Ramezani et al., 2012). The bubble number fraction distribution under all 

conditions follows the same lognormal distribution trend. At 373K and 10MPa, the bubble size 

distribution shifts from smaller- to larger-size bubbles and the dominant bubble size shifts from 0.45 

to 0.75mm, with the increase of superficial gas velocity. 
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Fig. 2.3 Bubble number distribution and number fraction under various superficial gas velocity and at 
T=373K, P=10MPa and  =0.022 cm.s-1 

Fig. 2.4 shows the effect of superficial gas velocity on bubble average diameter, gas holdup and 

interfacial area. With the increase of superficial gas velocity, the Sauter mean bubble diameter and 

gas holdup increase. In Fig. 2.2, the bubble diameter at UG=0.276 cm.s-1 is higher than at UG=0.083 

cm.s-1. This is in agreement with previous results (Hashemi et al., 2009; Li et al., 2018; Pjontek et al., 

2014). This may be due to the superficial gas velocity increase, leading to more bubbles formation 

and the increase of the rate of coalescence, and the formation of bigger bubbles. The larger bubbles 

rise faster than smaller bubbles, thus the liquid resistance decreases, leading to the increase of average 

bubble size and gas holdup. Nevertheless, an opposite trend was also observed by other authors 

(Pohorecki et al., 2001; Shahrouz Mohagheghian and Brian Elbing, 2018), due to the complex role of 

superficial gas velocity on modifying bubble formation processes and liquid circulation 

(Mohagheghian and Elbing, 2018). 
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Fig. 2.4 Bubble mean Sauter diameter (d32), gas holdup (Ɛ) and interfacial area (a) under various superficial 
gas velocity and pressure at T=373K and  =0.022cm.s-1 
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Fig. 2.5 Bubble mean Sauter diameter along the location of the column under various superficial gas velocity 
and pressure at T=373K and  =0.022cm.s-1 

The interfacial area calculated by Eq. 2-7 is shown in Fig. 2.4, which is related to the Sauter 

mean diameter and the liquid volume. It shows that the interfacial area is generally observed to be 

higher at higher superficial gas velocity. The similar observation has been reported by Jin et al. (2014). 
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This can be attributed to the increase of the bubble passage frequency and gas holdup with superficial 

gas velocity. The mean Sauter diameters are also obtained in three axial locations (0-3.3, 3.3-6.6 and 

6.6-10cm) from the bottom of the column (Fig. 2.5).  
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Fig. 2.6 Bubble number distribution along the location of the column under various superficial gas velocity 
at T=373K and P=10MPa 

The mean Sauter diameter increases with the increase distance from the bottom of the column 

due to the coalescence of smallest bubbles, which is in good agreement with the results reported by 

Majumder et al. (2006). This trend is due to the coalesced bubbles went up due to their buoyancy and 

accumulated along the column from the bottom to the top (Majumder et al., 2006), which is presented 

on Fig. 2.6. For each gas superficial velocity, the bubble number decreases along the height from the 

bottom to the top of the column, indicating the increase of coalescence. However, Pohorecki et al. 

(2001) observed no changes of Sauter mean diameter along the column axis in the N2-cyclohexane 

system, which was attributed to the dynamic equilibrium between coalescence and redispersion 

processes in the column. Luo et al. (1999) revealed that the effect of the column height was 

insignificant for the column height above 1-3m and the ratio of the column height to the diameter 

larger than 5. 

2.3.2 Effect of superficial liquid velocity 

The effects of superficial liquid velocity on bubble hydrodynamic in the column are shown in 

Fig. 2.7 and Fig. 2.8. Fig. 2.7 shows that with the superficial liquid velocity enhancement, the total 

bubble number little increases, and the influence of superficial liquid velocity on bubble size 

distribution is insignificant. Moreover, as shown in Fig. 2.8, the effect of superficial liquid velocity 

on the bubble average diameter is not significant. This figure also shows that under the temperature 
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range 373K-423K, superficial liquid velocity displays insignificant effect on gas holdup and 

interfacial area, indicating that under low superficial liquid velocity conditions (superficial liquid 

velocity less than 1cm.s-1), the liquid-phase motion has little effect on bubble characteristics. This 

trend is consistent with previous literature results (Akita and Yoshida, 1974; Wilkinson et al., 1992). 

Higher superficial liquid velocity increases the kinetic energy, the turbulence intensity, bubble-bubble 

interaction and bubble velocity, which reduces gas holdup (Lau et al., 2004). However, the increase 

of superficial liquid velocity raises bubble breakup at the distributor and thus increases gas holdup 

attributed to higher bubble residence times in the column (Pjontek et al., 2014). Thus, the slight 

increase in gas holdup is dominated by the effect of superficial liquid velocity on bubble residence 

time. Shah et al. (2012) has indicated that the gas holdup is more affected by the superficial gas 

velocity rather than the liquid velocity. Furthermore, the interfacial area increases with the increase 

of superficial liquid velocity, while the variation of interfacial area is small due to the marginal effect 

of the superficial liquid velocity on the gas holdup and bubble size for the range studied. Lau et al. 

(2004) observed a similar observation in the air-Paratherm system under lower pressures (up to 

4.24MPa) and lower temperatures (up to 365 K) with the superficial gas and liquid velocity varying 

up to 40 and 0.89cm.s-1. While under the temperature of 473K, gas holdup and interfacial area 

increases with superficial liquid velocity. The reason for this trend needs to be further studied. 
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Fig. 2.7 Bubble number distribution and number fraction under various superficial liquid velocity at 
P=10MPa, T=373K and  =0.138cm.s-1 
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Fig. 2.8 Bubble mean Sauter diameter (d32), gas holdup (Ɛ) and interfacial area (a) under various superficial 
liquid velocity and temperature at P=10MPa and  =0.138cm.s-1 

2.3.3 Effect of pressure 
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Fig. 2.9 Bubble number distribution and number fraction under different pressure at T=373K and  
=0.022cm.s-1 

Fig. 2.3 and Fig. 2.9 demonstrate the effects of pressure on bubble size distribution at 373K. Fig. 

2.3 and Fig. 2.9 show that with the increase of pressure, the bubble number increases and the bubble-

size distribution shifts from large to smaller size distribution. Similar results were observed by other 
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researchers (Lin et al., 1998). When the pressure increased from 10 to 20MPa, the dominant bubble 

size shifts from 0.75 to 0.45mm.  

The effect of pressure on bubble average diameter is complex, but generally, with the pressure 

ranging from 10 to 15MPa, most of bubble mean diameters decrease (Fig. 2.4). The increase of 

pressure results in an increase in bubble breakage due to the increase of gas density with pressure, 

caused by the larger gas inertia in the fluctuating bubble. Fig. 2.10 shows that the bubble number 

along the location of the column always increases with the pressure, indicating the increase in bubble 

breakage. Increased pressure enhances the momentum of the gas jets, enforcing turbulence and 

decreasing initial bubble size and maximum stable bubble size (Schäfer et al., 2002). Moreover, the 

effect of pressure on surface tension is not significant and hence surface tension has an almost 

negligible influence on bubble coalescence (Schäfer et al., 2002). Thus, the mean bubble size 

decreases with increasing pressure from 10 to 15MPa. Nevertheless, with the pressure further 

increased to 20MPa, the pressure effect on the Sauter mean diameter is more noticeable at high gas 

velocity (≥0.248 cm.s-1) and slightly effect at low gas velocity. This similar phenomenon was 

observed by other research (Lau et al., 2004) in the air-Paratherm system with the pressure up to 

4.24MPa. The more pronounced effect of the pressure at high gas velocities is may be due to the 

stronger bubble coalescence at high gas velocities. 
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Fig. 2.10 Bubble number distribution along the location of the column under three pressures at T=373 K, 
UG=0.276cm.s-1 and UL=0.022cm.s-1 

Fig. 2.4 also shows that the gas holdup is almost independent of pressure in the studied range. 

Behkish et al. (2007) also reported that under high pressure from 1.7 to 3MPa, the increase of gas 

holdup for He and N2 in Isopar-M/Alumina system were both insignificant. However, at the pressure 

below 1.7MPa, the gas holdup increased with the pressure. Under low pressure, large-size and less-

dense bubbles are formed and the gas momentum enhances, which increases the rate of bubbles 
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rupture, resulting in the increase of the gas holdup of small gas bubbles. Moreover, the increase in 

gas density with pressure increases the kinetic energy, leading to the increase of the collision  energy 

which promotes the bubbles rupture (Inga and Morsi, 1999). Whereas under high pressure, the small-

size and dense bubbles exists and the increasing gas momentum are not enough to rupture the small 

and dense gas bubbles, thus the increase of gas holdup becomes insignificant (Behkish et al., 2007). 

Inga and Morsi (1999) also observed the similar results: gas holdup increased under low pressures 

and gradually levelled off under high pressure, attributed to the balance between coalescence and the 

gas bubbles rupture. As shown in Fig. 2.4, interfacial area generally increases with the pressure 

ranging from 10 to 20MPa. This increasing trends is partly attributed to the relative extent to which 

the gas holdup slightly increases with increasing pressure and partly attributed to the reduction in 

bubble size with the increase of the pressure (Wilkinson et al., 1991). 

2.3.4 Effect of temperature 
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Fig. 2.11 Bubble number distribution and number fraction under different temperature at P=10MPa and  
=0.138cm.s-1 

Fig. 2.7, Fig. 2.8 and Fig. 2.11 show the effects of temperature on bubble hydrodynamics. As 

shown in Fig. 2.7 and Fig. 2.11, with the increase of temperature, the bubble number increases and 

the bubble size distribution shifts from larger- to smaller size distribution. Fig. 2.8 shows a little 

decrease on bubble average diameter with the increase of temperature, while the effect is insignificant, 

like the observation by Pohorecki et al. (2001). For set pressure and superficial gas velocity, gas 

holdup presents a small increase with increasing temperature. This general trend is due to the 

dominant role of associated reduction in surface tension and liquid viscosity, leading to a smaller 

average bubble diameter and a narrower bubble size distribution. With the decrease of liquid surface 

tension with temperature, the cohesive forces for maintaining gas bubbles in a spherical shape reduces 

and subsequently the increase of the gas momentum, leading to the rupture of large gas bubbles into 
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smaller bubbles, hence the gas holdup increases (Behkish et al., 2007). Increasing temperature can 

decrease gas density, which increases the bubble size and decreases gas holdup. Furthermore, it has 

been reported that with the decrease of liquid viscosity, the bubble rise velocity increased, which led 

to a reduction of bubble residence time and subsequently reduced the gas holdup (Deng et al., 2010). 

As reported by Pohorecki et al. (2001), the influence of the surface tension on the gas holdup was 

considerably higher than that of the liquid viscosity. In this study, all the values of Oh number, which 

relates the viscous forces to inertial and surface tension forces, are small (less than 1), indicating a 

higher influence of the surface tension than viscosity. Therefore, the small gas holdup increases when 

increasing temperature is probably mainly due to the influence of the surface tension (Leonard et al., 

2018). The data in Fig. 2.8 also shows that as the temperature ranges from 373 to 473K, the interfacial 

area generally increases due to the slight decrease of bubble size and the increase of gas holdup. 

2.3.5 Effect of different liquid and gas phase 
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Fig. 2.12 Bubble number distribution and number fraction distribution under various liquid and gas phase at 
P=10MPa, T=373K,  =0.022cm.s-1 and  =0.138-0.276cm.s-1 

The effects of different liquid and gas phase are also evaluated (Fig. 2.12 and Fig. 2.13). As 

shown in Fig. 2.12, the bubble number in ethanol/water mixture system is much more than that in the 

water system, which is also presented in Fig. 2.2 (c). The bubble size distributions are log-normal 

while the He gas with low density exhibits an observable effect on the bubble distribution curve, 

which can be attributed to lower momentum force for the low density He gas. Moreover, with the gas 

velocity increase from 0.138 to 0.276 cm.s-1, the bubble size distribution for the four systems (water-

N2, water-He, ethanol/water mixture-N2 and ethanol/water-He) all become wider and the shifts from 

small to larger-size bubble, as presented in section 2.3.1.  

It is observed on Fig. 2.13 that the mean Sauter diameter, gas holdup and interfacial area are 

slightly affected by the type of gas employed, but significantly affected by the liquid phase, in 
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agreement with Kanaris et al. (2018) (Kanaris et al., 2018). The Sauter mean diameters of He in water 

and ethanol/water mixture are generally slight higher than those of N2 under similar operating 

conditions (Fig. 2.13), which is in agreement with literature findings (Behkish et al., 2007). This 

behaviour may be due to the lower density of He than N2 under the same operating conditions shown 

in Table 2.2: He is expected to form larger gas bubbles compared with N2 (Behkish et al., 2007). It is 

also shown that the Sauter mean diameter in the system using ethanol/water mixture as liquid phase 

are much smaller than the system using water as liquid phase. That is because the coalescence of 

bubbles is strongly influenced by the composition of the liquid phase, which is reduced for the mixture 

liquids in comparison to pure liquids. The liquid mixture can cause coalescence inhibition (Lehr et 

al., 2002). Pjontek et al. (2014) also found a significant reduction in bubble size with the addition of 

ethanol in water when comparing to water, which was attributed to the shear stresses acting on the 

bubbles due to liquid and gas passing through the gas distributor, which increased bubble breakup. 

Furthermore, as viscosity increases, the drag force increases, leading to the formation of smaller 

bubbles (Kazakis et al., 2008). Thus, in ethanol/water mixture system, coalescence inhibition and 

shear stresses through the distribution leads to a bubble size reduction. 

Many researchers observed that with increasing gas density, gas holdup increases, attributing 

this behaviour to a lower momentum force for the lower density gas in the primary bubble formation 

at the gas distributor (Hecht Kristin et al., 2015; Kanaris et al., 2018). In this study, the effects of gas 

phase with different gas density on gas holdup are complex. Fig. 2.13 shows that in the ethanol/water 

mixture system, the gas holdup for He is a little bigger than for N2, while in the water system, the 

effects of gas phases are different at different superficial gas velocity. The reason for this phenomenon 

needs to be further studied. At the superficial gas velocity of 0.276 cm.s-1, the gas holdup in 

ethanol/water system with the higher viscosity is smaller than the water system, which is similar to 

the results in the literature (Deng et al., 2010; Besagni et al., 2018; Ojha and Al-Dahhan, 2018).  This 

behaviour is mainly due to reduced bubble interaction resulting from reduced turbulence and mixing 

at higher viscosities (Deng et al., 2010; Ojha and Al-Dahhan, 2018). With the superficial gas velocity 

at 0.138 cm.s-1, the gas holdup are close in the water and in the ethanol/water mixture, which is similar 

to Fransolet et al. (2005) . Wu et al. (2013) found that with an increase in liquid viscosity, the gas 

holdup in carboxyl methyl cellulose-water solution first increased and reached a maximum, and then 

decreased. The reason for the complex effect of liquid phase on gas holdup has been attributed to 

“dual effect of viscosity” on gas holdup (Besagni et al., 2018). Furthermore, Fig. 2.13 also shows that 

the interfacial area for ethanol/water mixture is bigger than water, which is opposite to Ojha et al. 

(2018) and Wu et al. (2013).  
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Fig. 2.13 Bubble mean Sauter diameter (d32), gas holdup (Ɛ) and interfacial area (a) under various liquid and 
gas phase at P=10MPa, T=373K,   =0.022cm.s-1 and  =0.138-0.276cm.s-1 

2.3.6 The correlation for average bubble size and gas holdup 

Possible factors affecting the average bubble size and the gas holdup are the column diameter, 

the diameter of gas inlet orifice, superficial gas velocity, kinematic viscosity, liquid density and 

surface tension (Akita and Yoshida, 1973). Kanaris et al. (2018) proposed a correlation for predicting 

the average bubble size and the gas holdup based on dimensionless numbers with general form: 

= [ ]                                   Eq. 2-8 

� = [ � ]                                     Eq. 2-9 

Values of  to ,  to  are determined from the experiment data. , , , �  and  are the 

dimensionless Weber, Reynolds, Eötvos, Archimedes and Froude number respectively (Table 2.3). 

The effect of gas velocity can be taken into account by defining Fr, We and Re number and the effect 

of the physical properties (viscosity, density and surface tension) of the liquid phase can be included 

in We, Re, Ar, and Eo numbers (Maceiras et al., 2010). 
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Table 2.3 Dimensionless number for this study 

System T (K) P (MPa) UG (cm/s) We Re Fr Ar Eo 

H2O-N2 

373 10 

0.083 0.000113 28 7.02E-06 31978 16.0 
0.138 0.000311 46 1.94E-05 31978 16.0 
0.193 0.000609 65 3.80E-05 31978 16.0 
0.248 0.001005 83 6.27E-05 31978 16.0 
0.276 0.001245 93 7.77E-05 31978 16.0 

373 15 

0.083 0.000113 28 7.02E-06 31961 16.1 
0.138 0.000312 46 1.94E-05 31961 16.1 
0.193 0.000610 65 3.80E-05 31961 16.1 
0.248 0.001007 83 6.27E-05 31961 16.1 
0.276 0.001248 93 7.77E-05 31961 16.1 

373 20 

0.083 0.000313 27 7.02E-06 31944 16.1 
0.138 0.000313 46 1.94E-05 31944 16.1 
0.193 0.000611 65 3.80E-05 31944 16.1 
0.248 0.001010 83 6.27E-05 31944 16.1 
0.276 0.001250 92 7.77E-05 31944 16.1 

423 10 0.138 0.000360 683 1.94E-05 45096 18.6 
473 10 0.138 0.000440 88 1.94E-05 54539 22.7 

H2O-He 373 10 
0.138 0.000311 4.7 1.94E-05 31979 16.0 
0.276 0.001245 93 7.77E-05 31979 16.0 

Ethanol/H2O-N2 373 10 
0.138 0.00485 24 1.94E-05 13870 25.0 
0.276 0.001938 49 7.77E-05 13870 25.0 

Ethanol/H2O-He 373 10 
0.138 0.000485 24 1.94E-05 13870 25.0 
0.276 0.001938 49 7.77E-05 13870 25.0 

 

In this study, the values of the constants -  and -  have been adjusted through changing 

one parameter with fixing other parameters in order to find the optimal curves. The new correlation 

Sauter mean diameter and gas holdup are formulated and compared with Kanaris et al. (2018) which 

is shown in Table 2.4. 

Table 2.4 Comparison of Sauter mean diameter and gas holdup correlation between Kanaris et al. (2018) and 
this study 

Authors Diameter correlation Gas holdup correlation 

(Kanaris et 

al., 2018) = . [ . . . . ] .
 � = . [ . � . . . ] .

 

In this 

study 
= . [ . . . . ] .

 � = . [ . � . . . ] .
 

 

Table 2.4 showed that the exponents ( - ) of We, Re, Fr and dp/D for Sauter diameter 

correlation in this study is the same with Kanaris et al (2018), while and  are different. -  for 

gas holdup correlation in this research are all different with Kanaris et al (2018), which may be due 

to the different operation conditions between this study with Kanaris et al. (2018). The correlations 

for Sauter mean diameter and gas holdup in this study are plotted in Fig. 2.14. The data are in good 

agreement (±15% for Sauter mean diameter and ±20% for gas holdup) with the corresponding 
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experimental data. Thus, the two correlations are suitable for predicting the bubble average diameter 

and gas holdup for the bubble column under the WAO operation. 
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Fig. 2.14 Comparison of the Sauter mean diameter (left) and gas holdup (right) prediction with experimental 
data 

2.4 Conclusion 

The bubble size distribution, the Sauter mean diameter, the gas holdup and the interfacial area 

were determined in a bubble column under wet air oxidation conditions with a wide range of gas and 

liquid superficial velocities, pressure, temperature and different liquid and gas phases. With the 

increase of superficial gas velocity, the bubble size distribution shifted from small-to- larger size 

bubble and the Sauter mean diameter, the gas holdup and the interfacial area generally increased due 

to the increase of coalescence with superficial gas velocity. The bubble size enhanced with the 

increasing height from the bottom to the top of the column due to coalescence. The effect of 

superficial liquid velocity on bubble characteristics was not significant. Increasing pressure and 

temperature resulted in bubble size distribution shifting from larger-to-smaller size bubble. The effect 

of pressure on the Sauter mean diameter was complex to determine. A marginal decrease in the Sauter 

mean diameter was found with the increase of temperature. Pressure and temperature slightly affected 

the gas holdup and the interfacial area. Moreover, bubble characteristics were not considerably 

affected by the type of the gas phase, but mainly influenced by the liquid phase. Parameters for 

Kanaris correlation(ref) were given for the prediction of the bubble mean Sauter diameter and gas 

holdup for the bubble column under high pressure and high temperature in subcritical water 

conditions. For a unique set of parameters, this correlation was in good agreement with all 

experimental data (10% for diameter, 20% for gas hold-up). The correlations may be recommended 

to scale-up the system for gas liquid contactors working at high pressure and temperature, as WAO 

for instance.  
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Wet air oxidation (WAO) is a promising method to convert organic pollutants to CO2 and H2O and 

less toxic oxidation intermediates using oxygen or air as the oxidizing agent at high temperature and 

pressure. As described in Chapter 1, the overall oxidation of glyphosate by WAO process is controlled 

by mass transfer of oxygen from gas to liquid phase followed by the reaction between glyphosate and 

tdissolved oxygen. In order to evaluate the performance of WAO process for glyphosate degradation, 

these two steps should be studied. In Chapter 2, the bubble characteristics, including bubble size 

distribution, gas holdup and gas-liquid interfacial area have been investigated under WAO conditions 

and two correlations for bubble mean diameter and gas holdup were proposed in order to predict the 

mass transfer for WAO process. Then, in next chapter, the oxidation kinetics of glyphosate by WAO 

process under different temperatures was studied. Furthermore, to understand the reaction 

mechanisms involved for glyphosate oxidation by WAO process, byproducts evaluation and 

degradation pathway were also evaluated. 
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Chapter 3   Kinetic study of glyphosate degradation by a wet air 

oxidation process 

This chapter has been submitted to “Chemosphere” by 20 August 2019. 
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Abstract 

Glyphosate is the most widely used herbicide in the world against perennial and annual weeds. It has 

been reported to be an emerging contaminant, and its degradation in different wastewater treatment 

processes must be studied. For that purpose, the kinetics of wet air oxidation (WAO) of glyphosate 

was studied in an autoclave reactor at a temperature range of 423-523 K and under the total pressure 

of 15 MPa. Oxidation reactions obeyed a first-order kinetics with respect to glyphosate concentration. 

The activation energy for glyphosate oxidation was found to be equal to 68.44 kJ.mol-1. Furthermore, 

the possible reaction intermediates and main end products of glyphosate degradation in WAO process 

were identified and quantified using UV-vis spectrophotometry and liquid chromatography coupled 

to mass spectrometry. A possible degradation pathway for glyphosate oxidation were proposed. 

Keywordμ Glyphosate; wet air oxidation; kinetics; emerging containant 

 

3.1 Introduction 

Glyphosate (N-(phosphonomethyl)glycine), a synthetic phosphonate compound, is a broad-

spectrum, post-emergence and non-selective organophosphate herbicide (Manassero et al., 2010; Gill 

et al., 2017). Glyphosate is the most widely used herbicides in the world against perennial and annual 

weeds and the active ingredient of Roundup (Baylis, 2000; Chen and Liu, 2007). Due to the numerous 

use of glyphosate, it has been reported to be widely detected in aquatic environment with potential 

toxicity to non-target aquatic life (Guilherme et al., 2010; Sandy et al., 2013). Therefore, it has 

attracted much attention in recent years in order to avoid further risks and effectively avoid glyphosate 

in the environment.  

Various conventional methods have been applied to treat glyphosate-containing wastewater, 

such as precipitation, membrane filtration, adsorption and biodegradation (Xie et al., 2010; Liu et al., 

2013; Herath et al., 2016; Firdous et al., 2017). However, these processes may cause secondary 

pollution (Wang et al., 2016). Biological treatment generally needs a long residence time to obtain 

high glyphosate removal efficiency. Thus, more efficient technology for glyphosate degradation is 

needed to be developed. In this work, the conditions to use wet air oxidation (WAO) as an efficient 

process are studied. This process would be more dedicated to treat effluents from the pesticides 

industry, or other types of effluents with rather high pollutants concentration, before their release in 

the environment. 

WAO oxidizes organic pollutants at high temperature and pressure through the generation of 
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active oxygen species, such as hydroxyl radicals. It has been proven to be a potential treatment 

technology for wastewaters containing a high content of organic contaminants or toxic pollutants 

which direct biological treatment is unfeasible (Levec and Pintar, 2007). Typical conditions of WAO 

are 3λ8-573 K for temperature and 0.5-20 MPa for pressure (Kolaczkowski et al., 1999; Luck, 1999; 

Debellefontaine and Foussard, 2000; Lefèvre et al., 2011a, 2011b; Lefevre et al., 2012). By using 

oxygen or air as the oxidizing agent, WAO method can effectively convert organic pollutants to CO2 

and H2O and less toxic oxidation intermediates up to short chain acids (Joglekar et al., 1λλ1; Mishra 

et al., 1λλ5; Luck, 1λλλ; Hu et al., 2001). Under high temperatures and pressures, the solubility of 

oxygen is enhanced in aqueous solutions, which provides a strong driving force for oxidation 

(Demirel and Kayan, 2012). For industrial applications, the design of bubble columns working at high 

pressure and high temperature has been deeply studied (Leonard et al., 2015, 2019; Feng et al., 2019). 

Table 3.1 summarizes available studies on the treatment of pollutants by WAO process. It is 

shown that WAO technology could achieve high organic compound and total organic carbon (TOC) 

removals. The performance of WAO can be affected by mainly three parametersμ temperature, oxygen 

pressure (and overall pressure) and reaction time. With the increase of temperature, the removal 

efficiency of organic compounds generally increased (Joglekar et al., 1991; Mantzavinos et al., 1996; 

Thomsen, 1998; García-Molina et al., 2007; Lei et al., 2007; Lefèvre et al., 2011). For instance, the 

removal of 4-chlorophenol ranged from 1.1% to λλ.5% with the temperature increasing from 423 to 

463 K (García-Molina et al., 2007). The partial pressure of oxygen is the part of the driving force for 

mass transfer, thus the removal efficiency increases with the increase of oxygen amount (Joglekar et 

al., 1991; Mantzavinos et al., 1996; Thomsen, 1998; Lei et al., 2007). However, if the stoichiometric 

quantity of oxygen is achieved, the oxygen partial pressure is not a significant factor for organic 

compounds degradation (Lei et al., 2007; Kim and Ihm, 2011). With increasing reaction time, more 

free radicals are generated, which promotes the degradation rate (Shende and Levec, 1999; Lefèvre 

et al., 2011a; Demirel and Kayan, 2012). Although WAO technology has been frequently used for the 

treatment of organic pollutants, most studies focused on phenolic compounds. Little literature study 

the degradation of glyphosate via WAO technology. Only Xing et al. (2018) reported that 100% 

glyphosate removal and over λ3% organic phosphorus removal for real glyphosate wastewater 

(containing 200-3000 mg.L-1 glyphosate) were achieved by catalytic wet oxidation using modified 

activated carbon as a catalyst in a co-current upflow fixed bed reactor at 383-403 K and under 1.0 

MPa with the residence time of 4.8 h. There is no literature focused on the kinetics of glyphosate 

oxidation by WAO technology, which is necessary for the design of WAO reactor. 
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Table 3.1 Available studies on the treatment of organic pollutants by WAO process 

Reference Pollutants Conditions Remarks 

(Joglekar et 
al., 1991) 

Phenol (200 mg.L-1) 
T=423-453 K; = 0.3-1.5 
MPa 

99.9% phenol removal; 90% COD 
reduction; Ea: 12.4-201 kJ.mol-1 

(Mantzavinos 
et al., 1996) 

Polyethylene glycol (1 g.L-1) 
T=383-513 K; =2-3 MPa; 
reaction time: 240 min 

100% polyethylene glycol removal; 20% 
TOC removal 

(Thomsen, 
1998) 

Quinolone (poly nuclear 
aromatics, 25-250 mg.L-1) 

T= 493-553 K; P= 5.8-7.6 
MPa 

99% quinoline removal; 30-50% TOC 
reduction 

(Shende and 
Levec, 1999) 

3-hydroxypropionic (3-HPA, 
330 mg.L-1) and propionic 
acid (PA, 1000 mg.L-1) 

T=523-583 K; =1-4.5 
MPa; reaction time: 1-3 h 

99.9% 3-HPA removal and 95% HP 
removal; Ea: 135 kJ.mol-1 for 3-HPA and 
158 kJ.mol-1 for PA 

(García-
Molina et al., 
2007) 

4-chlorophenol (500, 1000 
mg.L-1) 

T=423-463 K; =0.5-1.5 
MPa; reaction time: 90 min 

4-chlorophenol removal: 1.1%-99.5%; TOC 
removal: 1.56%-74.1%  

(Lei et al., 
2007) 

Cationic red X-GRL (dye, 2 
g.L-1) 

T=333-453 K; =0-1.2 
MPa; reaction time: 60 min 

Dye removal: 4%-92%; Ea: 39.9 kJ.mol-1 

(Lefèvre et al., 
2011a) 

Phenol (8.94 g.L-1) 
T=423-573 K; P=20, 30 MPa; 
reaction time: 15-60 min   

100% phenol removal; 90% TOC reduction; 
Ea: 77±8 kJ.mol-1 

(Demirel and 
Kayan, 2012) 

AR 271 (azo dye) 
T=373-523 K; =3.0-5.0 
MPa; reaction time: 30-90 min   

TOC removal: 80.30% 

(Minière et al., 
2017) 

Phenol (9.3 g.L-1) 
T=523 K; P=30 MPa; reaction 
time: 15 min 

97% phenol removal; 84% TOC removal 

 

Several research shows two possible oxidation pathways of glyphosate under other oxidation 

processes, such as photodegradation (Chen et al., 2007a; Echavia et al., 2009), Manganese oxidation 

(Barrett and McBride, 2005) and H2O2/UV oxidation (Manassero et al., 2010): (1) glyphosate 

transfers to aminomethylphosphonic acid (AMPA) through the cleavage of C-N bond; (2) glyphosate 

converts to sarcosine through the direct cleavage of C-P bond. AMPA may be further oxidized to 

methylamine, formaldehyde, NH4
+, NO3

- and PO4
3-. Sarcosine could be further oxidized to glycine, 

formaldehyde and NH4
+. The study on oxidation pathway of glyphosate by WAO process is rare. 

Only Xing et al. (2018) proposed the AMPA pathways for glyphosate degradation by catalytic wet 

oxidation. 

Therefore, the main goal of this work is to investigate the glyphosate degradation by WAO 

process under temperature range of 423-523 K and pressure of 15 MPa. The kinetics of glyphosate 

degradation by WAO process is studied. The oxidation kinetics is provided with respect to the 

glyphosate concentration. A kinetic model is determined to represent the experimental data for 

glyphosate. A possible oxidation pathway of glyphosate by WAO process is proposed. 

3.2 Materials and methods 

3.2.1 Chemicals 

Glyphosate was purchased from Leap Labchem Co., Limited, China with the purity of >95%. 

AMPA and glyoxylic acid were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France). Aqueous 
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stock solutions (1 g.L-1) were prepared in polypropylene (PP) bottles, as well as standards and injection 

solutions. All other chemicals and solvents used were also obtained from Sigma-

Aldrich. The synthetic air (purity>99.999%) used as oxidant was brought from Air Liquid, France.  

3.2.2 Experimental procedure 

 

Fig. 3.1 Schematic diagram of WAO setup using the batch reactor. 1 – air bottle; 2 – nitrogen bottle; 3 – gas 
purge; 4 – bursting disk; 5 – liquid injection; 6 – gas purge; 7 – stir; 8 – cooling water inlet; 9 – compressed 

air; 10 – cooling water outlet; 11 – heater; 12 – liquid sampling 

In order to study the kinetics of glyphosate degradation, the experiments were conducted in a 

batch reactor (Top Industrie, France). The experimental apparatus for WAO in the batch reactor is 

shown schematically in Fig. 3.1. The autoclave with internal volume of 202 mL has  maximum 

pressure and temperature of 30 MPa and 623 K, respectively. The temperature in the reactor is 

regulated by a hot (electric power)/cold (double jacket with air or water) regulating system. The 

stirring device is a rushton type mixer with 8 blades, with a hollow shaft allowing a recirculation of 

the gas phase into the liquid phase. Experimentally, the reactor was first pressurized with an amount 

of nitrogen, which was estimated from thermodynamic calculations using the Soave-Redlich-Kwong 

equation of state (Lefèvre et al., 2011b), in order to reach desired final pressure and temperature. To 

evaluate the influence of the temperature on glyphosate oxidation by WAO process, reactions with an 

initial glyphosate concentration of 1 g.L-1 were conducted at three temperature (423, 473 and 523 K). 

This concentration of glyphosate is in the range of glyphosate concentration which was detected in 

the industrial wastewater (Heitkamp et al., 1λλ2; Xing et al., 2017).The initial pressure of nitrogen 

was 7.78, 6 and 2.15 MPa with respect to the temperature of 423, 473 and 523 K, respectively. 120 

mL glyphosate solution was injected into the reactor and then the reactor was isolated. When the set 

temperature was reached, the air was injected into the reactor to achieve the required pressure of 15 
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MPa and the reaction began (t=0). An excess of oxygen of 70% in comparison to the stoichiometry 

was fixed at the beginning of the reaction for each tested temperature, i.e. air ratio of 1.7 (Lefèvre et 

al. 2011a, 2011b), The agitation speed was set at 1000 rpm, which could permit to overcome the 

limitations for mass transfer (Lefèvre et al., 2011a). The samples were collected at regular intervals 

for glyphosate and TOC concentration analysis. The experiments at 473 and 523 K with a reaction 

time of 15 and 30 min were repeated for three times in order to obtain the standard error. 

3.2.3 Analytical methods 

pH was determined by pH meter (HACH Sension+ PH3). TOC concentration was calculated 

from the difference between total carbon (TC) concentration and inorganic carbon (IC) concentration 

measured by a TOC-L SHIMADZU analyzer. 

The possible organic intermediates of glyphosate degradation which have reported in the 

literature are aminomethylphosphonic acid (AMPA), glyoxylic acid, sarcosine and formaldehyde 

(HCHO) (Chen and Liu, 2007; Aquino Neto and de Andrade, 2009; Balci et al., 2009; Echavia et al., 

2009; Lan et al., 2013; Xing et al., 2018). The detection of sarcosine was performed by a specific test 

kit with enzyme (Biovision kit Sarcosine, K636-100) with the maximum of absorption wavelength 

( ) of 570 nm. HCHO is measured by UV-vis spectrophotometry by Spectroquant® test kit 

(1.14678.0001, Merch Chemicals) at =565 nm. 

The concentrations of glyphosate and two possible byproducts, AMPA and glyoxylic acid were 

determined by LC/MS analysis. LC/ MS analyses were performed using an Agilent 1290 Infinity 

system coupled to an Agilent 6530 Q-TOF tandem mass spectrometer equipped with an Agilent jet 

stream (AJS) ion source. Instrument control, data analysis and processing were performed using Mass 

Hunter workstation software B4.00. The analysis method was adapted from Yoshioka et al. (2011). 

Briefly, 1 µL of sample was injected and separation was performed by using an Obelisc N column 

(150 mm x 2.1 mm I.D, 5µm) distributed by SIELC Technologies (Interchim, Montluçon, France). 

The mobile phase was composed of acetonitrile/water (20/80, v/v) acidified with 0.1% formic at a 

flow rate of 0.2 mL.min-1. The column was kept at 40°C in the column oven. Mass calibration was 

first performed pre-acquisition using ESI-L low concentration tuning mix, provided by Agilent 

technologies. Mass correction was performed by continuous calibration with hexakis (1H, 1H, 3H, 

tetrafluoropropoxy) phosphazine and purine at m/z 922.0098 and m/z 121.0509 amu. After LC 

separation, the solution was introduced into the atmospheric pressure ionization source and ionized 

by electrospray in negative ion mode (ESI-) leading to the formation of the [M - H]- ions of the 

analytes. Source parameters were set as follows: fragmentor 140 V, capillary 3000 V, skimmer 65 V, 
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and nitrogen was used as the drying (350°C, 10 L.min-1), nebulizing (30 psi) and sheath (350°C, 8 

L.min-1) gas. Scanning was performed from m/z 50 to 1000 amu with 10 038 transients per spectrum.  

For quantification of the three targeted analytes, Extracted Ion Current (EIC) chromatograms 

were used. Retention times, mass of deprotonated molecules and EIC target molecular weight ranges 

shown between brackets were as follows: glyoxylic acid (3.400 min, 72.9943 amu, [72.8-73.2 amu]), 

AMPA (3.695 min, 110.0032 amu, [109.8-110.2 amu]) and glyphosate (7.455 min, 168.0111 amu, 

[167.8-168.2amu]). The quantification of glyphosate, AMPA and glyoxylic acid concentrations were 

based on linear regression (R2>0.999) obtained by injecting standard solutions containing the three 

analytes with concentrations ranging from 5-200 µg.mL-1. Instrumental QC was performed by regular 

analyses of solvent blanks and random injection of standards. Measured values were not deviating 

more than 15% from the theoretical values. A rough estimation of the concentrations of other 

phosphorylated by-products identified was performed by using the linear curve obtained for AMPA.  

A screening of by-products was performed by working in Total Ion Current (TIC) MS mode in 

order to determine molecular ions m/z. The chromatograms and their mass spectra were inspected for 

transformation products known from the literature and for unknown compounds. It should be 

underlined that none of the degradation products were detected in the blank and standard. The 

elemental compositions were further calculated, the maximum deviation was set to 10 ppm and C, H, 

N, O, P were selected as possible present elements. 

PO4
3-, NH4

+ and NO3
- are reported as possible inorganic degradation by-products of glyphosate 

(Aquino Neto and de Andrade, 2009; Manassero et al., 2010; Lan et al., 2013; Ndjeri et al., 2013). 

PO4
3- was quantified by UV-vis spectroscopy through using Spectroquant® test kit (1.00798.0001, 

Merck Chemicals) at =690 nm. NH4
+ was detected by UV-vis spectrophotometry through using 

Spectroquant® test kit (1.14752.0001, Merck Chemicals) at =690 nm. NO3
- was measured by UV-

vis spectroscopy (Spectroquant® test kit 1.09713.0001, Merck Chemicals) with =340 nm. 

3.3 Results and discussion 

3.3.1 Glyphosate degradation 

In order to check the possible thermal degradation of glyphosate under the three temperatures, 

the glyphosate concentrations were measured when the required temperature was achieved and before 

oxygen injection. Different thermal degradation of glyphosate under the three temperatures were 

found. The glyphosate concentration after thermal degradation ranged from 1000 to λ15.56, 754.00 

and 45λ.00 mg.L-1, in correspondence with TOC decreasing from 213 to 210.5, 178.1 and 15λ.3 mg.L-

1 under the temperature of 423, 473 and 523 K, respectively. Thus, the initial concentrations of 
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glyphosate and TOC for oxidation under the three temperatures were revised to the concentration 

after thermal degradation. 

The experimental results of glyphosate removal with time under three temperature is shown in 

Fig. 3.2. At 523 K, during the first 5 min of reaction, the temperature in the cell increased up to 2 to 

3℃ due to exothermicity. It then stabilized at 523 K thanks to the regulation system. The reaction 

temperature has a major effect on the reduction of glyphosate. The glyphosate removal was seen to 

significantly increase with an increase in temperature from 423 to 523 K. At 523 K, completed 

glyphosate removal was obtained after 30 min. However, the reduction of glyphosate was of 87.6% 

and 21.4% after 60 min at 473 and 423 K, respectively. Furthermore, the results show that glyphosate 

is degraded rather quickly at 473 and 523 K, while slowly at 423 K, indicating that there seems to be 

a threshold between 423 and 473 K due to the significant gap in terms of degradation. 
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Fig. 3.2 Effect of temperature on the glyphosate and TOC removal at 15 MPa 

As some intermediate products appeared during the oxidation of glyphosate to carbon dioxide, it 

would be convenient for WAO design purposes to present its lumped parameter, i.e., TOC. The effect 

of temperature of the TOC removal is shown in Fig. 3.2. During the reaction time, the TOC decreased 

following the same pattern with glyphosate concentration. For instance, after 60 min, the TOC 

removal was 4.5%, 14% and 54% at 423, 473 and 523 K, respectively. Furthermore, at the same 

reaction time, the TOC reduction was smaller than glyphosate removal. This was attributed to the 

formation of low-molecular weight and refractory intermediates, which remained in the solution and 

were not oxidized (Mishra et al., 1995; Vicente et al., 2002), especially at the temperature below 473 

K. Between 473 and 523 K, there is a considerable performance gap for TOC abatement, indicating 

that the intermediates of glyphosate are more degradable at 523 K than at 473 K. 

Regarding reaction intermediates, the formation of oxidation by-products of glyphosate in WAO 

process was confirmed by pH of the effluent. During the glyphosate oxidation by WAO process, the 
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pH increased from 2.5 to 2.6, 3.0 and 4.1 after 60 min at 423, 473 and 523 K, respectively. The 

increase of pH after oxidation was also found by Xing et al. (2018). The higher pH value was obtained 

when working at higher temperature, indicating a faster elimination of glyphosate and its 

intermediates. This trend is opposite to other literatures for other compounds which found a pH 

decrease with the increasing temperature caused by the formation of organic acids as reaction 

intermediates (García-Molina et al., 2007; Suárez-Ojeda et al., 2007). This is possibly due to the 

generation of PO4
3- during glyphosate oxidation as confirmed by UV-vis spectrometry. For instance, 

the concentration of PO4
3- ranged from 5.9 to 99.8 mg.L-1 with the temperature increasing from 423 

to 523 K after 30 min. PO4
3- presents alkaline in aqueous solution, causing the increase of pH. 

3.3.2 Kinetic modeling 

The global kinetic model tested take into account the concentration of organic compound and 

oxygen concentration, which has been validated by other authors for WAO of organic compounds 

and different wastewaters (Li et al., 1991; Rivas et al., 1998; Shende and Levec, 1999; Lefèvre et al., 

2011). The resulting mass balance in the batch reactor is given through Eq. 3-1. = − =                                                   Eq. 3-1 

where  is the concentration of organic compound (mg.L-1); is the concentration of oxygen 

dissolved in the liquid phase; n and m are the partial orders;  is the rate constant, which depends on 

Arrhenius equation (Eq. 3-2). = − /                                                       Eq. 3-2 

where  is the pre-exponential factor;  is the activation energy for the reaction (kJ.mol-1); R is the 

gas constant (8.314 J.mol-1.K-1) and T is the temperature (K).  and  can be obtained through a 

linear regression between lnk and 1/T. 

It is reported that if an excess oxygen was maintained at a constant partial pressure in the reactor, 

the zero order respects to the oxygen and the oxygen terms may be assumed as a constant (Li et al., 

1991; Kolaczkowski et al., 1999; García-Molina et al., 2007; Suárez-Ojeda et al., 2007). In this study, 

the air ratio is 1.7, which oxygen is in excess. Thus, the Eq. 3-1 can be transferred to Eq. 3-3. = − =                                                     Eq. 3-3 

In this study, C represents the concentration of glyphosate or TOC. 
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Table 3.2 shows the first-order kinetic reaction fits well the glyphosate degradation. The apparent 

reaction constants of these reactions are presented in Table 3.2. It indicates that glyphosate 

degradation rate increases significantly with an increased in temperature, which is similar to the 

literature (Lin et al., 1996; Lei et al., 2007). Furthermore, the apparent reaction constants are found 

to well agree with the Arrhenius equation (Fig. 3.3) with R2 of 0.999. The activation energy for 

glyphosate oxidation was estimated through Arrhenius equation to be 68.44 kJ.mol-1, which is in the 

upper range of those found in the literature using WAO process to treat other organic compounds 

(33.1-77.8 kJ.mol-1) (Pruden and Le, 1976; Helling et al., 1981; Joglekar et al., 1991; Suárez-Ojeda 

et al., 2007; Lefèvre et al., 2011a). This value is less than some small molecules organic compounds, 

such as acetic acid (167.7 kJ.mol-1), formic acid (121.3 kJ.mol-1), oxalic acid (12λ.4-133.8 kJ.mol-1) 

(Foussard Jean‐Noël et al., 1λ8λ; Shende and Mahajani, 1994, 1997). For most WAO process, organic 

compounds are inclined to oxidize to these small molecules instead of CO2 and H2O (Lei et al., 2007). 

In this study, the low activation energy indicates that glyphosate is more likely to be oxidized to 

various intermediates. 

Table 3.2 Estimations of rate constant, pre-exponential factor and activation energy for glyphosate oxidation  

T (K) k (mmol.L-1.min-1) R2 k0 (mol.L-1.min-1) Ea (kJ.mol-1) 
423 0.0042 0.991 

1212.26 68.44 473 0.035 0.995 
523 0.17 0.954 
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Fig. 3.3 Arrhenius plot for glyphosate oxidation  

A comparison of the experimental oxidation results for glyphosate concentration with those 

calculated from the kinetic models is presented in Fig. 3.4 as a parity plot. It can be seen that for the 

three temperatures studied, the models show a good fit to the experimental points. 
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Fig. 3.4 Experimental and simulated concentration of glyphosate and generated AMPA concentration during 
the experimental processμ (1) ■μ Experimental glyphosate concentration at 423 K; (2) ●μ Experimental 

glyphosate concentration at 473 K; (3) ▲μ Experimental glyphosate concentration at 523 K; (4) Solid line 
(—): Simulated glyphosate concentration at 423 K (5) Dash line (---): Simulated glyphosate concentration at 
473 K; (6)  Dot line (…)μ Simulated glyphosate concentration at 523 K; (7) □μ Experimental generated AMPA 
concentration at 423 K; (8) ○μ Experimental generated AMPA concentration at 473 K; (9) △: Experimental 

generated AMPA concentration at 523 K. 

3.3.3 Formation of byproducts 

To further understand the reaction mechanisms involved for glyphosate oxidation by WAO 

process, byproduct evaluation is required. Due to the complex variety of oxidation products, it is 

difficult to identify and quantify all the intermediates. However, some major stable oxidation products 

were measured and the possible degradation pathway of glyphosate via WO was proposed. Some 

oxidation by-products of glyphosate in WAO process were confirmed by LC-MS and UV-vis 

spectrophotometry. Sarcosine was not detected in the samples by UV-vis spectrophotometer. AMPA, 

a degradation product of glyphosate which is the most frequently detected in water, soil and oxidation 

treatments (Chen and Liu, 2007; Assalin et al., 2009; Echavia et al., 2009; Xing et al., 2018), was 

also detected in our study by LC-MS analysis with the m/z of 110.0032 amu. The concentrations of 

AMPA generated under three temperatures are shown in Fig. 3.4. It shows that at 423 K, low removal 

of glyphosate is obtained and little AMPA is formed; at 473 K, high removal of glyphosate and almost 

all glyphosate are transformed into AMPA; complete glyphosate degradation is achieved and 

generated AMPA is degraded into other byproducts with time at 523 K. 

To further understand the relationship between glyphosate destruction and AMPA formation, 

glyphosate destruction, AMPA yield and P mass balance (described as the ratio of the sum of the final 

transformation products quantified to the quantity of glyphosate removed) are calculated by following 

equationsμ 
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ℎ  �  % = � �− � �� � ×                     Eq. 3-4 

� � �  % = � �� � ×                                    Eq. 3-5 

   % =  � �− � � ×                            Eq. 3-6 

where  is the glyphosate initial molar concentration;  is the glyphosate molar concentration 

at time t; � �  is the AMPA molar concentration at time t;   is the sum of the final 

transformation products (just described by AMPA in this study). 
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Fig. 3.5 Glyphosate destruction, AMPA yield and P mass balance during oxidation process: (1) ■: 
glyphosate destruction; (2) ●: AMPA yield; (3) ▲: P mass balance 

The results of glyphosate destruction, AMPA yield and P mass balance during glyphosate 

oxidation process under three temperatures are shown in Fig. 3.5. In order to keep the constant of the 

initial P mass, the initial glyphosate concentration of 1000 mg.L-1 is used for all calculations. Fig. 3.5 

shows that AMPA yield increases with respect to the increase of glyphosate destruction at 423 and 

473 K, while first increases then decreases at 523 K. This indicates that AMPA is the primary products 

of glyphosate and can be further oxidized at high temperature. Moreover, the P mass balance are 

always higher than AMPA yield, indicating the formation of other byproducts. 
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Fig. 3.6 AMPA degradation by WAO process under 523 K. 

Furthermore, in order to further confirmation of the degradation of AMPA at 523 K, some kinetic 

experiments of AMPA oxidation by WAO process were conducted using the same experimental 

procedure of glyphosate described in section 3.2.2, with the initial AMPA concentration of 658 mg.L-

1 in consistent with the same molar of initial glyphosate of 1 g.L-1. The rate constant of AMPA 

oxidation by WAO process is 0.01 min-1 with the half-life of 69.3 min (Fig. 3.6). After 60 min, the 

removal efficiency of AMPA is 45.7%, which is lower than glyphosate destruction at same conditions, 

indicating that AMPA was much more resistant to oxidation than glyphosate, which is consistent with 

Xing et al. (2018). 
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Fig. 3.7 The formation of glyoxylic acid in WAO degradation of glyphosate. 

The LC-MS analysis also revealed the presence of glyoxylic acid with m/z of 72.9943 amu. Fig. 

3.7 shows the formation of glyoxylic acid during WAO degradation of glyphosate. The low 

concentration of glyoxylic acid is always found at 423 K, while at 473 and 523 K, its concentration 

first increases and then decreases until disappearing, especially. This decrease is especially very fast 

at 523 K. This is probably due to its quick further oxidation at high temperature. It has reported that 
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glyoxylic acid can be further oxidized into formic acid (HCOOH) and finally mineralized into CO2 

(Balci et al., 2009; Echavia et al., 2009). 

Table 3.3 Concentration of by-products of glyphosate in the WAO process under three temperature after 30 
min 

T (K) AMPA (mg.L-1) PO4
3- (mg.L-1) NH4

+ (mg.L-1) NO3
- (mg.L-1) HCHO (mg.L-1) 

423 35.37 5.9 - 2.7 3.15 

473 364.00 41.1 - 2.5 42.25 

523 73.43 99.8 9.2 2.6 35.45 

 

Table 3.3 shows the concentration of other byproducts of glyphosate in the WAO process under 

three temperatures after 30 min, such as PO4
3-, NH4

+, NO3
-, and HCHO. It indicates that the 

concentration of PO4
3- increases with reaction time, while not consistent with the destruction of 

glyphosate, implying that PO4
3- was not transferred directly from glyphosate, but from AMPA. As 

for the element of N in AMPA, NH4
+ (Aquino Neto and de Andrade, 2009; Echavia et al., 2009; 

Ndjeri et al., 2013; Xing et al., 2018), which is frequently reported as one of the final mineralization 

product of AMPA, only existed at 523 K. And the mass in NH4
+ was not equal to that in AMPA 

degraded, indicating that other intermediate exists before AMPA degrading to NH4
+. From previous 

literatures (Annett et al., 2014; Fu et al., 2017), methylamine (CH3NH2) has been reported as the 

intermediate during the degradation of AMPA to NH4
+. Thus, the presence of methylamine is possible. 

It was not measured in this study. The concentrations of NO3
- under three temperatures are almost 

the same and equal to the initial glyphosate solutions, indicating that NO3
- is not the final 

mineralization product of glyphosate. Furthermore, the HCHO concentration significantly increases 

with the reaction temperature increasing from 423 K and 473 K. As for each mole of glyphosate 

decomposed, the yield of AMPA and HCHO is not equivalent, indicating that glyphosate was not 

directly degraded into HCHO. The concentration of HCHO is approximately the same as PO4
3-. This 

equality could indicate that HCHO and PO4
3- are directly formed from the oxidation of AMPA, in 

consistent with Xing et al. (2018). When the temperature further increased to 523 K, the concentration 

of HCHO decreased, indicating that HCHO can be further oxidized to other byproducts at higher 

temperature, generally to HCOOH and finally mineralized into CO2 (Manassero et al., 2010; Xing et 

al., 2018; Yang et al., 2018). 

3.3.4 Proposed degradation pathway 

A degradation pathway of glyphosate in WAO process (Fig. 3.8) was proposed taking into account the 

evaluation of major intermediates and end products based on experimental data. Previous studies have reported 

that glyphosate oxidation often follows two mechanisms which are related to the cleavage of C-N and C-P 
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bonds to generate AMPA or sarcosine, respectively (Barrett and McBride, 2005; Manassero et al., 2010; Paudel 

et al., 2015; Yang et al., 2018). In this work, the existence of AMPA and glyoxylic acid and the absence of 

sarcosine indicates that glyphosate degradation by WAO process followed the mechanism of C-N bond 

cleavage. First, the C-N bond of glyphosate promoted by ·OH attack broken to yield AMPA, and glyoxylic 

acid. Glyoxylic acid was transferred into HCOOH. Then C-P bond cleavage of AMPA generated PO4
3-, HCHO 

and methylamine (CH3NH2). Methylamine was further oxidized into NH4
+ and HCHO. WAO conditions also 

involved the oxidation of HCHO into HCOOH, and further into CO2 and H2O. 

 

Fig. 3.8 A proposed degradation pathway of glyphosate by WAO process 

3.4 Conclusions 

WAO process was proved to be an effective technique to treat effluents containing glyphosate 

since destruction of the target compound and TOC were obtained at 523 K and 15 MPa with the 

complete glyphosate removal and 54% of TOC reduction after 60 min, respectively. The glyphosate 

oxidation obeyed first-order kinetics with respect to glyphosate concentration. The degradation rate 

was faster when increasing the operation temperature. The activation energy was 68.44 kJ.mol-1. 

Some possible by-products of glyphosate in WAO process were identified and a degradation pathway 

was proposed. This study presented a kinetic scheme which can be easily implemented in a WAO 

process simulation in order to obtain a first evaluation of the process functioning. Further work to 

consider the kinetic scheme with byproducts of glyphosate should be studied to have more accurate 

information on WAO process. 
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In Chapter 3, the kinetics of glyphosate oxidation by WAO process has been studied in a batch reactor 

under different temperatures and the results showed that the oxidation reactions were well fitted by a 

first-order kinetic model. Due to the existence of mass transfer limitation in WAO process, as 

described in Chapter 1, it is interesting to find a method to improve mass transfer for WAO process. 

Microfluidic devices have been increasingly applied to advanced oxidation process (AOPs) for 

wastewater treatment, such as electrochemical oxidation and photocatalytic oxidation, due to their 

inherent advantages, such as large surface to volume ratio and high mass transfer efficiency, which 

can be a promising technology for WAO process. Thus, in the next chapter, a microfluidic device 

was used for WAO process for glyphosate degradation in order to improve mass transfer efficiency 

of WAO process. In this chapter, the effects of temperature and residence time were evaluated, as 

well as the formation of byproducts. Furthermore, the experimental data has been simulated through 

using the first-order model from the kinetic studies in Chapter 3. 
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Abstract 

A novel microfluidic device was developed, and its performance used for wet air oxidation (WAO) 

process to degrade glyphosate, an emerging contaminant, was systematically studied. The effects of 

temperature and residence time on performance of microfluidic device were studied with the range 

of 473-523 K and 30-90 min, respectively. Glyphosate degradation efficiency increased with an 

increase of temperature and residence time.  Almost complete glyphosate degradation and 74.14% 

and 84.15% of TOC and COD reduction, respectively, have been obtained at 523 K with the residence 

time of 90 min. First-order kinetic model has been used to fit the experimental data. 

Keyword: Microfluidic device; wet air oxidation; glyphosate; residence time; hydrodynamic model. 

 

4.1 Introduction 

Wastewater treatment is a big concern and serious challenge in the world, due to the increasing 

complex of pollutants (Jayamohan et al., 2015). High-efficiency and low-cost water remediation 

technologies are needed. Conventional wastewater treatment methods, such as coagulation and 

adsorption, merely concentrate the contaminants by converting them into other phases (Chong et al., 

2010; Jayamohan et al., 2016). Other conventional technologies, such as sedimentation, filtration, 

chemical and membrane methods are expensive and potentially cause toxic secondary pollutants 

(Shannon et al., 2008; Jayamohan et al., 2016). Advanced Oxidation Processes (AOPs) are promising 

methods for wastewater treatments, which could solve some of the issues related to the conventional 

wastewater treatment technologies, through the oxidation of pollutants by the generation of transitory 

highly reactive oxygen species. Single or combined AOPs have been used to treat wastewater with 

high efficiency, including photocatalysis oxidation, Fenton oxidation, electrochemical oxidation, 

ozonation oxidation, wet air oxidation, etc. But the efficiency of AOPs is still limited to many 

technical challenges, such as mass transfer limitations, energy consumption, poor managements, etc. 

(Scialdone et al., 2011; Jayamohan et al., 2016; Pérez et al., 2017). The use of microfluidic device 

has the potential to reduce these limitations. 

Microfluidic device, coming from miniaturization of data-processing devices and information 

technology, has been applied in various areas in our daily life, such as food industry, pharmaceutical 

products, biological analysis of proteins and cells, and industrial chemistry for the production of 

millions of chemicals (Scialdone et al., 2011). Microfluidic device used for chemical reactions can 

benefit superior heat and mass transfer, high product yield selectivity and purity, easy to control 
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contact time between fluids, improved safety, and quite easy to scale up, scale down, and 

modularization of the processes (Scialdone et al., 2010, 2011; Yao et al., 2015).  

Recently, microfluidic devices used for AOPs have been increasingly applied to wastewater 

treatment. Electrochemical microfluidic devices have been reported for the treatment of wastewaters 

contaminated by organic pollutants with high degradation and mineralization efficiency and high 

current efficiencies under short treatment times, such as oxalic acid (Scialdone et al., 2010), formic 

acid (Scialdone et al., 2011), clopyralid (Pérez et al., 2017), 1,1,2,2-tetrachloroethane, etc. (Scialdone 

et al., 2012). Microfluidic devices used for electrochemical oxidation of organic compounds benefit 

lower cell voltages and without supporting electrolyte  and improve mass transport of pollutants to 

electrodes surfaces (Scialdone et al., 2010, 2011). Microfluidic devices used for electrochemical 

processes were also employed for preparative purposes (Paddon et al., 2006), monitoring flow 

velocities in microfluidic channels (Amatore et al., 2006, 2009), or evaluating chemical-physical 

parameters such as diffusion coefficients and kinetic rate constants (Thompson et al., 2005; Amatore 

et al., 2006; Scialdone et al., 2011). 

Microfluidic devices also show great potential for photocatalytic applications for wastewater 

treatment due to their inherent advantages, such as large surface to volume ratio, high mass transfer 

efficiency, smaller diffusion distance, uniform irradiation over the whole catalytic surface (Han et al., 

2013; Corbel et al., 2014; Jayamohan et al., 2015, 2016; Das and Srivastava, 2016). During the past 

years, microfluidic photocatalytic reactors have been reported to show improved photocatalytic 

efficiency compared to the conventional reactors, such as slurry reactors (Gorges et al., 2004; Han et 

al., 2013; Jayamohan et al., 2015, 2016). Furthermore, since microfluidic devices with very small 

channel dimensions which could provide uniform exposure of light and resolve  the immobilization 

of catalyst, a number of researchers have carried out photocatalytic degradation of pollutants within 

microfluidic devices, such as phenol (Zhang et al., 2013), 4-chlorphenol (Gorges et al., 2004), 

terephthalic acid (Eskandarloo et al., 2015), methylene blue (Han et al., 2013; Ramos et al., 2014), 

methyl orange (Shen et al., 2015), etc. 

Among AOPs, wet air oxidation (WAO) is a very effective technology to treat wastewater 

containing a high content of recalcitrant compounds, which oxidizes organic contaminants at high 

temperature and pressure by using oxygen or air as the oxidizing agent (Joglekar et al., 1991; Mishra 

et al., 1995; Luck, 1999; Hu et al., 2001). Typical conditions used for WAO process is the temperature 

of 398-573 K for temperature and 0.5-20 MPa for pressure (Kolaczkowski et al., 1999; Luck, 1999; 

Debellefontaine and Foussard, 2000; Lefèvre et al., 2011a, 2011b; Lefevre et al., 2012). The WAO 

process not only depends on the kinetic reactions but also on the transfer between phases (Bhargava 
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et al., 2006). It has been reported that the rate-limiting step in the WAO process is the mass transfer 

of oxygen from the gas phase to the liquid phase due to its low solubility in water (Pruden and Le, 

1976; Kolaczkowski et al., 1999). The WAO performance for wastewater treatment can be enhanced 

by increasing the gas-liquid mass transfer rate of oxygen. Thus, it will be a very promising technology 

for wastewater treatment through using microfluidic devices for WAO process owing to its high mass 

transfer efficiency. The use of microfluidic devices for pollutants treatment are mostly focused on 

photodegradation and electrochemical oxidation, while no information has been reported for WAO 

process. 

Therefore, in this work, we first report the use of a microfluidic devices for WAO process for 

the degradation of organic contaminants. Glyphosate, a most widely used herbicide, was chosen 

model organic compound. The effects of the residence time were evaluated. 

4.2 Materials and methods 

4.2.1 Chemicals 

Glyphosate was purchased from Leap Labchem Co., Limited, China (purity >95%). 

Aminomethylphosphonic acid (AMPA) and sarcosine was obtained from Sigma-Aldrich (Saint 

Quentin Fallavier, France). Aqueous stock solutions (1000 mg.L-1) were prepared in polypropylene 

bottles, as well as standards and injection solutions. The synthetic air (purity>λλ.λλλ%) used as 

oxidant was purchased from Air Liquid, France. 

4.2.2 Microreactor fabrication 

Fig. 4.1 depicts a schematic diagram of the microreaction system in this study (Top Industrie, 

France). This system consists of several parts, including a stainless-steel pipe with microchannels as 

microreactor, liquid and gas supplying equipment, two piston pumps for gas and liquid, an oven and 

a liquid exhaust reservoir. The microchannels has an internal diameter of 1.6 mm and an outer 

diameter of 3.2 mm. The length of the stainless-steel pipe is 5 or 10 m in order to obtain different 

residence time. The liquid and gas pump are both a volumetric piston pump, with a minimum flowrate 

both of 0.005 mL.min-1 and a total volume of 52 and 53 mL, respectively. A vitreous oven (Memmert) 

with a volume of 32 L is used to control the temperature of the system. The valves outside the oven 

is used to adjust the pressure of the system. 
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Fig. 4.1 Schematic diagram of microreactor system. 1 – gas tank; 2 – syringe used for liquid; 3 – liquid 
pump; 4 – gas pump; 5 – liquid purge; 6 – gas purge; 7 – liquid coil; 8 – gas coil; 9 – oven; 10 – microfluidic 

device; 11 – liquid outlet; 

4.2.3 Evaluation of glyphosate degradation 

In a typical experiment run, 1 g.L-1 aqueous solution of glyphosate was injected through the 

liquid pump into the microfluidic device to achieve the required pressure of 15 MPa at the flow rate 

of 0.3 and 0.2 mL.min-1. When the setup temperature (473 and 523 K) was achieved, the air was 

injected into the microfluidic device through the gas pump with the flow rate of  0.035 and 0.025 

mL.min-1 with respect to liquid flowrate and the length of microchannel in order to obtain the air ratio 

of 1.7 and the residence time of 30, 45, 60, 90 min, respectively. Then the reaction began, set as zero 

time (t=0). After the residence time, the samples were collected for glyphosate, TOC and chemical 

oxygen demand (COD) concentration analysis. At the end of experiments, the reactor was depressed 

and cooled down. The conditions selected for the glyphosate degradation in WAO process using a 

microfluidic device are summarized in Table 4.1. 

Table 4.1 Operating conditions for glyphosate degradation 

Parameters Unit Values 

Glyphosate concentration g.L-1 1 
Pressure MPa 15 

Temperature K 473, 523 
Air factor - 1.7 

Residence time min 30, 45, 60, 90 
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4.2.4 Analytical methods 

pH values of the samples before and after reaction were determined by using a pH meter (HACH 

Sension+PH3). TOC concentration was calculated from the difference between total carbon (TC) 

concentration and inorganic carbon (IC) concentration which were measured by a TOC-L 

SHIMADZU analyzer. COD concentration was measured by COD Cell Test C4/25 (1.14541.0001, 

Merck Chemicals) using UV-vis spectrophotometry (photoLab® 6600 UV-VIS) at the maximum 

wavelength of 605 nm. 

The glyphosate concentration was determined by liquid chromatography/mass spectrometry 

technique (LC/MS) using an Agilent 12λ0 Infinity system coupled to an Agilent 6530 Q-TOF tandem 

mass spectrometer equipped with an Agilent jet stream (AJS) ion source. Instrument control, data 

analysis and processing were performed by Mass Hunter workstation software B4.00. The method 

was conducted according to Yoshioka et al. (2011). 1 µL of sample was injected and separated 

through using an Obelisc N column (150 mm x 2.1 mm I.D, 5µm) distributed by SIELC Technologies 

(Interchim, Montluçon, France). The mobile phase was composed of acetonitrile/water (20/80, v/v) 

acidified with 0.1% formic acid with the flow rate of 0.2 mL.min-1. The column was kept at 40℃ in 

the column oven. After LC separation, the solution was introduced into the atmospheric pressure 

ionization source and ionized by electrospray in negative ion mode (ESI) leading to the formation of 

the [M - H]- ions of the analytes. Working conditions were as follows: fragmentor 140 V, capillary 

3000 V, skimmer 65 V. Nitrogen was used as the drying (350°C, 10 L.min-1), nebulizing (30 psi) and 

sheath (350°C, 8 L.min-1) gas. Scanning was performed from m/z 50 to 1000 amu with 10 038 

transients per spectrum. Extracted Ion Current (EIC) chromatograms were used for glyphosate 

quantification. The retention time, mass of deprotonated molecules and EIC target molecular weight 

ranges of glyphosate is 7.455 min, 168.0111 amu and [167.8-168.2 amu], respectively. The 

quantification of glyphosate concentrations was based on linear regression (R2>0.999) obtained by 

injecting glyphosate standard solutions with the range of concentrations of 5-200 µg.mL-1. 

Instrumental QC was performed by regular analyses of solvent blanks and random injection of 

standards. Measured values were not deviating more than 15% from the theoretical values. 

Due to the evaporation, the flow rates of the outlet were measured using a balance (KERN PCB 

3500-2) through the change of the mass of the effluents with time. Thus, according to mass balance, 

the removal efficiencies of glyphosate, TOC and COD were calculated byμ % = � � − �� � ×                                          Eq. 4-1      

where X is the removal efficiency of glyphosate, TOC or COD; �  and  is the flow rate of the 
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influent and effluent, respectively; �  and � is the initial concentration and the concentration after 

the residence time of glyphosate, TOC and COD, respectively. Residence time (�) was defined by the 

following equationμ � = �                                                            Eq. 4-2 

where   is the total internal volume of the microchannel which can be calculated through the inner 

diameter and the length of steel-stainless pipe and  is the flowrate of the fluids. 

Furthermore, aminomethylphosphonic acid (AMPA) and sarcosine, the two possible primary 

byproducts which are generally found in glyphosate oxidation process through the cleavage of C-N 

and C-P bond (Chen et al., 2007a; Echavia et al., 2009; Manassero et al., 2010; Xing et al., 2018), 

respectively, were also measured in this study. The detection of sarcosine was conducted by UV-Vis 

spectrophotometry (photoLab® 6600 UV-VIS) through using a specific test kit (Biovision kit 

Sarcosine, K636-100) with the maximum absorption wavelength of 570 nm. AMPA was measured by 

LC/MS using the same procedure with glyphosate analysis which was described above. The 

quantification of AMPA concentrations was based on linear regression (R2>0.999) obtained with the 

range of concentrations of 5-200 µg.mL-1. The retention time, mass of deprotonated molecules and 

EIC target molecular weight ranges of AMPA is 3.6λ5 min, 110.0032 amu and [10λ.8-110.2 amu], 

respectively. 

4.3 Results and discussion 

4.3.1 Glyphosate degradation 
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Fig. 4.2 Effect of residence time on glyphosate removal through comparison between experiments and 
modeling results at 473 and 523 K. 
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According to previous work of glyphosate degradation by WAO process using a batch reactor, 

the reaction temperature has a significant effect on the glyphosate removal. Thus, in this study, two 

reaction temperatures of 473 and 523 K were tested to know its effect on glyphosate degradation, 

which is shown in Fig. 4.2. At each residence time, the glyphosate removal efficiencies at 523 K are 

all obviously higher than that at 473 K, especially at low residence time. It is noting that almost 

complete glyphosate degradation (>94%) has been achieved at each residence time at 523 K, while 

for 473 K, the maximum glyphosate removal is 82.36%. 

Residence time is another factor which determines the reaction time of the glyphosate solution 

with oxygen. Fig. 4.2 displays the effect of residence time on glyphosate removal at 473 K and 523 

K. At 473 K, the glyphosate removal efficiency significantly increases from 19.38% to 82.36% with 

an increase in the residence time from 30 to 60 min. This is intuitive since an increase in residence 

time would result in more contact time for glyphosate to react with oxygen. This phenomena is 

consistent with other literatures reported on photocatalytic oxidation of organic compounds through 

using microfluidic devices (Lei et al., 2010; Charles et al., 2011; Gao et al., 2012; Eskandarloo et al., 

2015). When the residence time is further increased to 90 min, the glyphosate removal efficiency is 

almost constant with that at 60 min, indicating that the glyphosate oxidation reaction has already 

achieved equilibrium after 60 min. However, at 523 K, the residence time slightly affects the 

glyphosate removal efficiency. The glyphosate removal slightly increases from 94.96% to 98.22% 

with the residence time ranging from 30 to 90 min. This is because the residence time of 30 min was 

sufficiently high to convert almost all glyphosate under mass transfer kinetic control. Scialdone et al. 

(2011) found the same trend of residence time on formic acid oxidation by microfluidic 

electrochemical reactors. 
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Fig. 4.3 Effect of residence time on pH values at 473 and 523 K. 

The change of pH values before and after reaction plays an important role to confirm the 

degradation of glyphosate, which is shown in Fig. 4.3. After oxidation, the pH value of the solution 
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increase from 2.61 to 3.5 and from 3.77 to 4.32 with residence time range of 30-45 min at temperature 

of 473 and 523 K, respectively. It may be caused by the generation of alkaline substance, such as 

phosphate, during the degradation of glyphosate. 

4.3.2 TOC and COD reduction 
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Fig. 4.4 Effect of residence time on TOC and COD reduction at 473 and 523 K. 

The TOC and COD of the glyphosate solution was measured before and after oxidation in the 

microfluidic device at different residence time under 473 and 523 K and then the TOC and COD 

reductions were calculated using the Eq. 4-1. The results are shown in Fig. 4.4. It is found that at each 

residence time, the TOC and COD reductions at 523 K are significantly higher than that at 473 K, 

following the same trend with glyphosate removal. The maximum TOC and COD reduction is 65.04% 

and 66.93% at 473 K, respectively, 74.16% and 84.15% at 523 K, respectively. However, the TOC 

and COD reduction are all less than glyphosate removal at the same residence time and temperature, 

indicating that glyphosate is degraded into some organic intermediate compounds. 

Furthermore, with the increase of residence time from 30 to 90 min, the TOC reduction is 

continuously increased, even when the glyphosate removal keeps constant, from 10.23% to 65.04% 

and from 45.92% to 74.16% for 473 and 523 K, respectively. The COD reduction follows the same 

trend, from 15.27% to 66.93% and from 57.58% to 84.15% at 473 and 523 K, respectively. This is 

due to the further oxidation of the organic intermediate compounds of glyphosate. 

4.3.3 The formation of byproducts 

In this study, two frequently detected primary byproducts of glyphosate, AMPA and sarcosine 

were measured. Sarcosine was not detected in the samples by UV-vis spectrophotometer. However, 

AMPA was detected in all samples after reaction by LC/MS with the m/z of 110.0032 amu, indicating 
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that glyphosate oxidation in the microfluidic device follows the mechanism of C-N bond cleavage of 

glyphosate. To further understand the relationship between glyphosate destruction and AMPA 

formation, AMPA yield and P mass balance are calculated by following equations: � � �  % = � �� � ×                                     Eq. 4-3 

   % = � � � �− � � ×                             Eq. 4-4 

where � �  is the AMPA molar concentration at time t;    is the glyphosate initial molar 

concentration;  is the glyphosate molar concentration at time t. 
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Fig. 4.5 AMPA yield and P mass balance under different residence time at 473 and 523 K. 

The results of AMPA yield and P mass balance under different residence times at 473 K and 523 

K are shown in Fig. 4.5. It shows that AMPA yield at 523 K is bigger than that at 473 K under the 

same residence time, due to the higher glyphosate destruction at 523 K. In addition, AMPA yield 

slightly increases with the increase of residence time at 473 K due to the increase of glyphosate 

destruction, while slightly decreases with an increase in residence time at 523 K, due to the 

continuously oxidation of AMPA.  However, AMPA yield is small under all tested conditions. The 

low AMPA yield and high glyphosate removal indicates that most of AMPA is degraded into other 

byproducts. Furthermore, the P mass balance are all higher than AMPA yield, further confirming the 

oxidation of AMPA. 

4.3.4 Modelling 

In this study, the microfluidic reactor is first considered to be a perfect plug-flow reactor with 

the assumption of the absence of mass-transfer limitation (kinetic regime), i.e. the degradation rate 

only depends on the kinetics.  Then the glyphosate outlet concentration can be expressed by first-
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order model through using equation 4-5 with assuming that the reactor is at permanent regime and 

without considering dispersion: = − �                                                        Eq. 4-5 

where  is the initial glyphosate concentration,  is the kinetic constant. According to the previous 

kinetics studies of glyphosate oxidation in a batch reactor, the kinetic constants of 0.034 and 0.177 

mM.min-1 at 473 and 523 K, respectively, have been obtained.  

Therefore, glyphosate removal efficiency was calculated using the Eq. 4-1. Fig. 4.2 shows the 

calculated and experimental glyphosate removal as a function of the residence time. As expected, the 

glyphosate removal increases with the residence time which corresponds to a longer contact time in 

the microfluidic device, especially at 473 K. At 523 K, the model describes correctly the experimental 

data. The experimental and calculated glyphosate removal efficiencies are all approximately 100% 

for four tested residence times, indicating that the reaction equilibrium has been obtained before 30 

min at 523 K and the mass transfer has not been a limitation for glyphosate oxidation. However, at 

473 K, a significant disagreement between the model and experimental data, especially at short 

residence time. The experimental points are all lower than the correspondence calculated data. This 

phenomenon occurs due to the existence of mass transfer, which is needed to be further studied. It 

has reported that highly uniform bubbles can be generated in microfluidic device (Fu et al., 2011). 

According to our previous reported work (Feng et al., 201λ), with the decrease of temperature, the 

bubble size increases, while gas holdup and interfacial area decreases, causing the decrease of mass 

transfer. This maybe explain the limitation of mass transfer at 473 K. Furthermore, the solubility of 

oxygen at 473 K is lower than that at 523 K, which may cause that oxygen become the limitation of 

mass transfer, resulting the inconsistency between the calculated and experimental data. 

4.4 Conclusions 

The microfluidic device used for WAO process could be a potential technology to continuously 

treat glyphosate-containing wastewater. The glyphosate degradation performance of the microreactor 

was increased with the increase of temperature and the residence time. Almost complete glyphosate 

degradation and 74.14% and 84.15% of TOC and COD reduction, respectively, have been achieved 

at 523 K with the residence time of 90 min. Thus, the microfluidic device exhibits a broad range of 

applications in the treatment of other organic pollutants by WAO process and can be expected for 

good performance of the practical application in wastewater treatment plants, which needs further 

studies. 
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In the previous chapter is presenting a model only based on kinetics evolution. This model does 

not represent very well the experimental evolutions. In order to provide a new model, il is necessary 

to take into account mass transfer limitations. A first modelling and first results are presented here. 

In order to describe the mass-transfer limitation, a hydrodynamic model is considered to explain 

experimental data. The microfluidic reactor was modelled with j perfectly mixed reactors. 

Furthermore, these reactors were assumed to be in a steady state. The complete oxidation of 

glyphosate can be summarized as (Rubí-Juárez et al., 2016)μ + → + − + − + + 

As there is a dynamic evolution due to mass transfer of oxygen from gas phase to liquid phase, 

and reaction of oxygen with glyphosate in the liquid phase, it is necessary, for each perfectly mixed 

reactor, to solve mass balances in transitory state, up to steady state values of concentrations. 

Therefore, the mass balance for glyphosate in liquid phase and oxygen in liquid and gas phase 

between two adjacent small reactors (reactor � and reactor � + ) in the presence of mass-transfer 

limitation without considering axial dispersion and convection is given by following equations. 

Mass balance on glyphosate in liquid phase. 

� − �+ ,�+ = �+ + � ��
                           Eq. 4-6 

Mass balance on oxygen in liquid phase. 

,� − �+ ,�+ + ∗ − ,�+ = ,�+ + ,�+
          Eq. 4-7 

Mass balance on oxygen in gas phase. 

,�� = ,��+ + ∗ − ,�+ + ,��+
                 Eq. 4-8 

Thermodynamic equilibrium between gas and liquid phases. ∗ = ∗ ,��+                                                    Eq. 4-9 

∗ = .
                                                    Eq. 4-10 

Volume between gas and liquid phases. = + �                                              Eq. 4-11 = ×                                            Eq. 4-12 = −                                             Eq. 4-13 
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where   and   are the flowrates of liquid and gas phase, respectively;  ,   and   are the 

total volume of the reactor and the volumes of liquid and gas phase, respectively; L is the length of 

the microfluidic device;  is the inner diameter of microfluidic device; �  and �+  are glyphosate 

concentrations in reactor � and reactor � + , respectively;  is the reaction time; ,�  and ,�+  are 

oxygen concentrations in liquid phase in reactor � and reactor � + , respectively; ,��  and ,��+  are 

oxygen concentrations in gas phase in reactor �  and reactor � +  , respectively; ∗   is oxygen 

saturation concentration in the liquid phase;  is the oxygen compressibility factor; R is perfect gas 

constant; T is the temperature.  is Henry constant (calculated from the equation proposed by 

(Himmelblau, 1960));   is volumetric mass transfer coefficient of oxygen in the liquid phase, 

which is assumed to equal to 0.6 min-1 (Joglekar et al., 1991).  

Since the oxygen mass transfer limitation is considered in this model, the kinectic model is also 

needed to consider the effect of oxygen in order to obtain the correspondence kinetic constant ( ). 

Thus, in the present study,  was modified to incorporate oxygen concentration in the liquid phase 

with oxygen order of 1. The kinetic constant was modified to 0.829 and 3.150 L.mol-1.min-1 at 473 K 

and 523 K, respectively. These above equations will be solved by Matlab R2019a with the function 

ode45, which implements a Runge-Kutta method with a variable time step for efficient computation, 

in order to obtain the simulated outlet concentration of glyphosate, oxygen concentration in liquid 

and gas phase, and the optimal number (j) of reactors. The model gives a number of reactors j varying 

from 50 to 200, depending on the length of the microfluidic device. However, the evaluation of the 

glyphosate degradation efficiency is not sufficiently accurate to be presented in this document. 

Analysis of the results shows that the evaluation of the  with the operating conditions needs more 

investigation to obtain a better modelling. This is an important perspective for this part.  
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As mentioned in the Chapter 1, it is necessary to study the glyphosate degradation by the individual 

WAO and biological process to evaluate the performance of the integrated WAO-biological process 

for glyphosate degradation. The performance of WAO process for glyphosate oxidation has been 

described in Chapter 3 and 4. Complete glyphosate removal could be both achieved by WAO process 

in the batch reactor or microfluidic reactor at 523 K, but not a total TOC reduction. Moreover, 

complete mineralization of glyphosate has not been obtained by the two reactors at all conditions, 

due to the generation of other intermediates. Thus, it is necessary to further study the following 

biological treatment. Biological treatment is an easy and eco-friendly process to treat glyphosate-

containing wastewater. The mixed cultures, such as activated sludge, are likely able to degrade 

glyphosate, which would be more meaningful, informative and practical for industrial applications, 

compared to pure culture. In order to futher enhance the degradation capacities of activated sluge, an 

acclimation process of the culture has been proposed. Thus, in the next chapter, the acclimation 

process of aerobic activated sludge to degrade glyphosate was studied and discussed. Furthermore, 

the microbial growth and subtrate utilization kinetics during glyphosate biodegradation process were 

also studied in order to optimize the operational conditions to meet discharge requirements and for 

the accurate prediction of effluent quality from engineered treatment processes. Byproducts were 

identified in order to propose a biodegradation pathway of glyphosate in the case of an acclimated 

sludge.  
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Chapter 5 Acclimation of aerobic activated sludge to glyphosate 

biodegradation: experimental study and kinetics modelling 
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Abstract  

The acclimation of activated sludge from a wastewater treatment plant for degradation of 

glyphosate and its biodegradation kinetics were studied in batch process. The parameters monitored 

included the concentration of glyphosate and total organic carbon (TOC), pH, dissolved oxygen (DO) 

and biomass concentration. The results showed that acclimation with glyphosate can increase the 

degradation activity of activated sludge and almost complete glyphosate removal was achieved by 

acclimated activated sludge. Conventional Monod model was able to accurately predict the 

experimental kinetics results of glyphosate biodegradation by acclimated activated sludge. Finally, a 

possible biodegradation pathway of glyphosate by acclimated activated sludge was proposed. 

Keywords: Glyphosate; acclimation; biodegradation; kinetics; Monod model. 

 

5.1 Introduction 

Glyphosate (N-(phosphonomethyl)glycine), a synthetic phosphonate compound, is a broad-

spectrum, post-emergent, and non-selective systemic herbicide used to eliminate grasses and 

herbaceous plants (Baylis, 2000; Manassero et al., 2010; Zhan et al., 2018). Glyphosate is one of the 

most widely used herbicides in the world against annual and perennial weeds in agriculture, urban 

areas, domestic gardens and silviculture (Aparicio et al., 2013b; Shushkova et al., 2016; Zhan et al., 

2018). Glyphosate acts on plants by inhibiting the activity of enolpyruvyl shikimate-3-phosphate 

synthase, an enzyme for aromatic amino acid biosynthesis in shikimate pathway (Duke et al., 2012; 

Tazdaït et al., 2018). Massive use of this molecule has been reported to weaken plant defense system 

(Johal and Huber, 2009), disturb the metabolism (Cattani et al., 2017) and cause DNA or liver damage 

(Muneer and Boxall, 2008) both for terrestrial and aquatic animals (Cağlar and Kolankaya, 2008; 

Séralini et al., 2014). In 2015, the International Agency for Research on Cancer (IARC) of World 

Health Organization (WHO) classified glyphosate as “probably carcinogenic to humans” based on 

epidemiological, animal and in vitro studies. Thus, it is necessary to remove glyphosate from the 

Environment. 

Glyphosate contaminates the aqueous environment from various sources such as industrial 

effluents, agricultural runoff and chemical spill (Baylis, 2000; Muneer and Boxall, 2008). Xing et al 

(2017) reported that glyphosate concentration in waste stream could achieve up to 2560 mg.L-1. There 

are several processes used for the removal of glyphosate, e.g. biodegradation, photodegradation, 

chlorine, ozone, adsorption, membrane processes, advanced oxidation, flocculation and filtration 
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(Jönsson et al., 2013). Among these technologies, biological treatment is considered as an easy, eco-

friendly and cost effective process (Nourouzi et al., 2012). Many microorganisms were reported to 

be able to utilize glyphosate as carbon, nitrogen or phosphorus source (Lerbs et al., 1990; Klimek et 

al., 2001; Obojska et al., 2002; Sviridov et al., 2012; Firdous et al., 2017). The two main degradation 

pathways in glyphosate-degrading microorganisms are conversions to aminomethylphosphonic acid 

(AMPA) through the cleavage of C-N bond, catalyzed by an oxidase, and to sarcosine through the 

direct cleavage of C-P bond, catalyzed by C-P lyase (Zhan et al., 2018). Single AMPA or sarcosine 

pathway or both pathways have been frequently found in glyphosate-degrading microorganisms using 

glyphosate as phosphorus source. Little information was reported for glyphosate as carbon or nitrogen 

source. However, during the growth and metabolism process of culture, the demand for carbon 

sources by microorganisms is much higher than that for nitrogen or phosphorus sources. Thus, using 

glyphosate as carbon source for microorganisms is a potential technology to increase removal 

efficiency at high glyphosate concentration. 

Moreover, most research on the biodegradation of glyphosate focuses on pure microbial cultures, 

but a few studies are available on the application of mixed cultures, such as activated sludge. The 

mixed cultures are more likely able to completely degrade contaminants, compared to pure culture 

due to the various enzymes available in mixed culture, which would be more meaningful, informative, 

and practical (Nourouzi et al., 2012). Moreover, due to the high requirements of pure culture, mixed 

culture processes are more suitable for industrial applications. Thus, it is necessary to find mixed 

culture able to remove glyphosate from aqueous effluents. 

The above-mentioned studies have focused on the biodegradability of glyphosate and the 

pathways of degradation. However, little attention has been paid to the acclimation process. Literature 

reported that the degradation capacities of activated sludge can be enhanced by the acclimation of the 

culture (Ye and Shen, 2004). Furthermore, most studies related to glyphosate biodegradation focus 

on the isolation and identification of the glyphosate-degrading microorganisms, the information on 

kinetics of glyphosate biodegradation remained poor. Only several literatures have been studied on 

Monod and Haldane model to describe glyphosate biodegradation kinetics. Monod expression has 

been reported by Nourouzi et al. (2012) to describe glyphosate consumption kinetics by mixed culture 

isolated from soil with a specific maximum growth rate of 0.18-0.87 h-1. Haldane model has been 

used to describe the glyphosate inhibition to biomass growth with a low ratio of self-inhibition and 

half-saturation constants (<8) (Nourouzi et al., 2012; Tazdaït et al., 2018). It is important to predict 

the removal kinetics of glyphosate used as carbon source by culture in order to effectively control 

and enhance the treatment performance of biological treatment for glyphosate. 
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In aerobic activated sludge process, oxygen is an important substrate used for growth, 

maintenance and some metabolic routes (including bioproduct synthesis) of bacteria (Garcia-Ochoa 

et al., 2010). The oxygen uptake rate (OUR) is a decisive important physiological characteristic of 

culture growth, which can be used to evaluate the performance of aerobic activated sludge process 

(Garcia-Ochoa et al., 2010; Zou et al., 2009). OUR monitoring is crucial for the assessment of the 

viability of the microorganisms.  

Therefore, the objective of this paper is to investigate the performance of acclimation process of 

activated sludge for glyphosate biodegradation and its biodegradation kinetics. These studies have 

important engineering implications for the treatment of wastewater containing glyphosate. 

5.2 Materials and methods 

5.2.1 Chemicals 

Glyphosate (powder, purity>95%) was purchased from Leap Labchem Co., Limited, China. 

AMPA (powder, purity of 99%) was purchased from Sigma-Aldrich (Saint Quentin Fallavier, France). 

Ninhydrin (crystals) and sodium molybdate (powder) of analytical grade were obtained from Sigma-

Aldrich (France). All other chemicals and solvents used were also obtained from Sigma-Aldrich. 

Aqueous stock solutions were prepared in polypropylene bottles, as well as standards and injection 

solutions. 

5.2.2 Acclimation process of activated sludge 

Table 5.1 Composition of medium used for acclimating activated sludge 

Component Concentration (mg.L-1) 
pH 7±0.05 

Glyphosate 100-1000 
Glucose 0-480 

(NH4)2SO4 223 
K2HPO4 27 
KH2PO4 21 

MgCl2·2H2O 160 
CaCl2 20 

FeSO4·7H2O 1 
NaMoO4 2 
MnCl2 1 

 

Acclimation experiments were conducted using a 5-L fed-batch reactor. The raw activated 

sludge was collected from a wastewater treatment plant in Aix-en-Provence, France. 4.5 L of raw 

activated sludge was placed into a 5L-stirred reactor. The concentration of activated sludge was 5.35 
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g·L-1 MLSS (mixed liquor suspended solids) at the beginning of the acclimation process with 

synthetic glyphosate-based substrate (see Table 5.1). Every 24 h (72 h for the weekend), the 

bioreactor received a pulse feeding of synthetic substrate-glyphosate mixture. Every week, the 

medium was refreshed with increasing glyphosate concentration from 100 to 1000 mg·L-1 and 

decreasing glucose concentration from 480 to 0 mg·L-1. The TOC concentration of the daily added 

solution is kept constant (213 mg.L-1) whatever the carbon source (pure glyphosate, pure glucose or 

mix) during the whole acclimation process. An air pump with gas distributor was used to provide the 

aeration conditions to maintain dissolved oxygen (DO) concentration above 3 mg·L-1. The reactor 

was maintained at room temperature. 

5.2.3 Experiments with acclimated and non-acclimated sludge 

In order to validate the acclimated sludge degradation performance, experiments were performed 

simultaneously with acclimated and fresh sludge. 500 mL of synthetic wastewater with only 

glyphosate as carbon source were prepared with concentrations of 500 and 1000 mg.L-1 of glyphosate 

respectively in addition to the micronutrients specified in Table 5.1. These experiments were 

performed at room temperature in stirred and aerated reactors with the volume of 1 L. MLSS 

concentration was kept constant in acclimated and non-acclimated sludges. The hydraulic resistance 

time was set to 24 h. The efficiency of glyphosate biodegradation was followed by the mean of 10 

mL- samples collected regularly for glyphosate and TOC analyses.  

5.2.4 Analytical methods  

During the experimental processes, different parameters have been followed: MLSS, pH, Total 

Organic Carbon (TOC), Dissolved Oxygen (DO), Oxygen Uptake Rate (OUR) (APHA, 1998) and 

the concentration of glyphosate and its possible byproducts.   

5.2.4.1 Effluent composition analysis 

pH was determined by the mean of a pH-meter (HACH Sension+ PH3). TOC concentration was 

calculated from the difference between total carbon (TC) concentration and inorganic carbon 

concentration (IC) determined using a TOC-L SHIMADZU analyzer. The procedure for the 

measurement of MLSS is outlined in Standard Method 2540 D (“NEMI Method Summary - 2540 D,” 

n.d.).  

The concentration of glyphosate were firstly monitored by absorbance measurements using a 

spectrophotometer (photoLab® 6600 UV-VIS) during the preliminary acclimation process and 

compared experiments between acclimated and non-acclimated sludge. This method is based on the 
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reaction ability of glyphosate with ninhydrin and sodium molybdate to produce Ruhemann’s purple dye with 

maximum absorption at 570 nm (Bhaskara and Nagaraja, 2006).  

In order to investigate the glyphosate biodegradation kinetics by acclimated activated sludge, 

500 mL of synthetic glyphosate wastewater with initial concentration of 200, 500, and 1000 mg.L-1 

were treated by acclimated activated sludge using the procedures described in section 5.2.3. The 

concentrations of glyphosate and its potential byproducts were measured regularly. In order to 

achieve higher accuracy, during kinetic experiments, the residual concentration of glyphosate and its 

by-product, AMPA, were analyzed by liquid chromatography/mass spectrometry technique (LC/MS). 

LC/MS analyses were conducted using an Agilent 1290 Infinity system coupled to an Agilent 6530 

Q-TOF tandem mass spectrometer equipped with an Agilent jet stream (AJS) ion source. Mass Hunter 

workstation software B4.00 was used to perform instrument control, data analysis, and processing. 

The analysis method was performed according to Yoshioka et al. (2011). Briefly, 1 µL of sample was 

injected and separation was performed by using an Obelisc N column (150 mm x 2.1 mm I.D, 5µm) 

distributed by SIELC Technologies (Interchim, Montluçon, France). The mobile phase was composed 

of acetonitrile/water (20/80, v/v) acidified with 0.1% formic. The flow rate was 0.2 mL.min-1. The 

column was kept at 40℃ in the column oven. After LC separation, the solution was introduced into 

the atmospheric pressure ionization source and ionized by electrospray in negative ion mode (ESI) 

leading to the formation of the [M - H]- ions of the analytes. Working conditions were as follows: 

fragmentor 140 V, capillary 3000 V, skimmer 65 V. Nitrogen was used as the drying (350°C, 10 

L.min-1), nebulizing (30 psi) and sheath (350°C, 8 L.min-1) gas. Scanning was performed from m/z 

50 to 1000 amu with 10 038 transients per spectrum. For quantification of the two targeted analytes, 

Extracted Ion Current (EIC) chromatograms were applied. Retention times, mass of deprotonated 

molecules and EIC target molecular weight ranges shown between brackets were as follows: AMPA 

(3.695 min, 110.0032 amu, [109.8-110.2 amu]) and glyphosate (7.455 min, 168.0111 amu, [167.8-

168.2 amu]). The quantification of glyphosate and AMPA concentrations was based on linear 

regression (R2>0.999) obtained by injecting glyphosate or AMPA standard solutions in a range of 

concentrations of 5-200 µg.mL-1. Instrumental QC was performed by regular analyses of solvent 

blanks and random injection of standards. Measured values were not deviating more than 15% from 

the theoretical values. 

The other possible byproducts, sarcosine, formaldehyde, PO4
3-, NH4

+, and NO3
- (Zhan et al., 

2018), were also measured by UV-vis spectrophotometry (photoLab® 6600 UV-VIS). Sarcosine was 

detected by a specific test kit (Biovision kit Sarcosine, K636-100) with a maximum absorption at 570 

nm. HCHO is measured by Spectroquant® test kit (1.14678.0001, Merch Chemicals) with a maximum  
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absorption at 565 nm. PO4
3- was quantified through using Spectroquant® test kit (1.00798.0001, 

Merck Chemicals) with a maximum absorption at =690 nm. NH4
+ was detected by UV-vis 

spectrophotometry through using Spectroquant® test kit (1.14752.0001, Merck Chemicals) with the 

maximum wavelength of 690 nm. NO3
- was measured by UV-vis spectroscopy (Spectroquant® test 

kit 1.09713.0001, Merck Chemicals). The maximum of absorption is at =340 nm. 

5.2.4.2 OUR measurements 

OUR was measured during the biodegradation kinetic process with the mean of an open 

respirometer technique. The open respirometer consisted in a reactor with a 500 mL working volume. 

A sludge sample without glyphosate is introduced in the reactor at room temperature. The sludge was 

continuously stirred, and an air pump was used to keep aeration conditions in the reactor. The DO 

concentration was recorded as a function of time (t) using a DO probe (HACH, HQ 40d). In actual 

biodegradation processes endogenous OUR (OURen) and exogenous OUR (OURex) should be taken 

into account (Mineta et al., 2011). The apparent oxygen mass transfer coefficient ( ) and the OURen 

were obtained using a dynamic method based on an unsteady-state procedure (Bandyopadhyay et al., 

2009). By stopping the aeration, the DO concentration decreases due to the oxygen consumption by 

the micro-organisms; with restarting the aeration, the DO concentration increased to reach a steady-

state value (Bandyopadhyay et al., 2009).  and OURen can be obtained through the monitoring of 

DO concentration evolution. OURex can be calculated according to the DO mass balance by following 

equation (Contreras et al., 2008): = − − − ⁄                           Eq. 5-1 

where  and  are the saturated and instantaneous DO concentrations (mg.L-1), respectively. 

OURex is associated with glyphosate aerobic biodegradation and can be written as Eq. 5-2 

(Mineta et al., 2011): = �/                                                 Eq. 5-2 

where   is glyphosate concentration (mg.L-1), /  is glyphosate yield on oxygen (mg-

glyphosate.(mg O2)-1) 



Chapter 5: Acclimation of aerobic activated sludge degrading glyphosate and the  

biodegradation kinetics for glyphsoate biodegradation 

 

123 
 

5.3 Results and discussion 

5.3.1 Bacteria activity validation during acclimation process 

Biomass acclimation process to hardly biodegradable organic compounds is a critical step to 

induce microbial selection and physiological transformations of the metabolic pathways during the 

biodegradation process (Karahan et al., 2010). Biomass concentration has an important effect on 

biological treatment performance of activated sludge (Cordi, 2012).  
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Fig. 5.1 MLSS concentration profile along the acclimation process 

The acclimation process was divided into three stages. Each stage was conducted with increasing 

glyphosate concentration to 1000 mg.L-1 and decreasing glucose concentration to 0 mg.L-1. Between 

each stage, in order to keep high bacteria concentration, glyphosate concentration was reduced to 100 

mg.L-1 with increasing glucose concentration. The acclimation process lasted 280 days. The average 

concentration of MLSS during the acclimation process of an activated sludge sample is shown in Fig. 

5.1. The decrease of concentration observed in most of first stage periods and in the early second 

stage period revealed a low sludge activity. This effect is due to the change of growth medium for the 

bacteria causing inhibition of bacterial metabolism. Therefore, the sludge activity decreased. Then, 

in the later period of the second stage, MLSS began to slowly rise because of the capability of the 

bacteria to adapt themselves to the new medium. The concentrations of MLSS in the third stage 

generally higher than that in the most period of the first and second stage, indicating that glyphosate 

became well utilized by the culture. In the third stage of the acclimation process, the increase and 

decrease of MLSS both existed. The increase is due to the utilization of glyphosate by the bacteria. 

The reason for the decrease could be the accumulation of byproducts from glyphosate which could 
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inhibit the bacterial metabolism such as AMPA (Blot et al., 2019). Thus, next, the performance of the 

third stage was mainly discussed. 

pH is another crucial parameter that can affect growth rates and activities of the culture because 

of its influence on metabolic rate and ion transport system (Mayo and Noike, 1996). Therefore,  the 

evolution of pH is an indicator of biochemical reactions. In this study, pH was not buffered but 

adjusted to 7±0.5 each time nutrients were refreshed. Manogaran et al. (2018) reported that 

glyphosate-degrading bacteria prefer acidic condition, whereas most authors showed that these 

metabolisms were enhanced by neutral-alkaline pH (Singh and Shaner, 1998; Benslama and 

Boulahrouf, 2013). Fig. 5.2a shows the evolutions of pH values in the third stage of the acclimation 

process indicating that biochemical processes are involved. The changes of pH values during the 

acclimation process may be affected by microbial decomposition and the byproducts generated during 

glyphosate biodegradation. 
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Fig. 5.2 pH values (a) and the removal efficiency of TOC (b) and glyphosate (c) with time in the third stage 
of the acclimation process: (1) □ 200 mg.L-1 glyphosate + 426 mg. L-1 glucose; (2) ○ 500 mg. L-1 glyphosate 

+ 266 mg. L-1 glucose; (3) △ 1000 mg. L-1 glyphosate 
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5.3.2 Removal efficiency of glyphosate and TOC during acclimation process 

In parallel of measurements of bacterial activity, TOC and glyphosate removal were followed. 

The results obtained for a batch of 7 days showed a global decrease of the TOC and glyphosate in the 

third stage (Fig. 5.2b and Fig. 5.2c). 

From Fig. 5.2b, it is observed that in the first week with initial glyphosate concentration of 200 

mg.L-1, the TOC removal efficiency ranged from 38.27% to 75.19%; in the second week with initial 

glyphosate concentration of 500 mg.L-1, the TOC removal efficiency was in the range of 45.77%-

63.49%; for the third week with initial glyphosate concentration of 1000 mg.L-1, the TOC removal 

efficiency was 38.17%-54.13%. 

Fig. 5.2c also shows that under different glyphosate concentration, the glyphosate removal 

efficiency generally decreased with time, maybe caused by the inhibition of the accumulation of 

byproducts from glyphosate. The glyphosate removal efficiencies at different initial glyphosate 

concentrations were 34.82%-55.59% for 200 mg.L-1, 34.96%-59.88% for 500 mg.L-1, and 28.60%-

59.63% for 1000 mg.L-1, respectively.  

5.3.3 Validation of the acclimation performances compared to fresh activated sludge 

Table 5.2 The change of MLSS and pH values in the acclimated activated sludge and non-acclimated 
activated sludge after 24 h at various glyphosate concentration 

Treatment 
Glyphosate concentration 

(mg.L-1) 
Initial After 24 h culture 

MLSS (g.L-1) pH MLSS (g.L-1) pH 
Acclimated activated 

sludge 
500 3±0.39 7±0.05 2.70 6.14 
1000 3±0.39 7±0.05 2.75 6.38 

Non-acclimated 
activated sludge 

500 3±0.1 7±0.05 1.21 5.9 
1000 3±0.1 7±0.05 1.59 6.03 

 

In order to evaluate the degradation performance of the acclimation process, compared 

experiment of glyphosate biodegradation between acclimated activated sludge and non-acclimated 

sludge were conducted. Table 5.2 shows the change of MLSS and pH values in the acclimated and 

non-acclimated sludge after 24 h at two initial glyphosate concentrations of 500 and 1000 mg.L-1. 

From the Table 5.2, it is shown that after 24 h, the MLSS for acclimated activated sludge at two initial 

glyphosate concentration is almost the same with the initial MLSS, indicating the stability of the 

bacterial activities in acclimated activated sludge. While for non-acclimated activated sludge, the 

MLSS significantly decreases to 1.21 and 1.59 g.L-1 compared with initial MLSS of 3 g.L-1 at initial 

glyphosate concentration of 500 and 1000 mg.L-1, respectively. This indicates that glyphosate 
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inhibits the growth of biomass in the non-acclimated activated sludge. After 24 h, pH values both 

decrease for acclimated and non-acclimated activated sludge at two initial glyphosate concentrations. 

And the final pH values in acclimated activated sludge are bigger than that in non-acclimated 

activated sludge. The final pH values increase with the increase of glyphosate concentration. The pH 

decrease for non-acclimated activated sludge may be due to the bacteria decomposition caused by the 

inhibition effect of glyphosate to generate acids. The increase of pH for acclimated activated sludge 

with glyphosate concentration is possibly caused by the higher concentration of PO4
3- generated under 

higher glyphosate concentration during glyphosate biodegradation. 
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Fig. 5.3 The removal efficiency of glyphosate (left) and TOC (right) with time: (1) ■  acclimated activated 
sludge at 500 mg.L-1 glyphosate;  (2) ● non-acclimated activated sludge at 500 mg.L-1 glyphosate; (3) □ 

acclimated activated sludge at 1000 mg.L-1 glyphosate; (4) ○ non-acclimated activated sludge at 1000 mg.L-1 
glyphosate 

Concentration profiles of glyphosate and TOC in the acclimated and non-acclimated activated 

sludge in 9 h are illustrated in Fig. 5.3. It shows that for acclimated activated sludge, glyphosate 

concentration first decreases fast, and then slowly decreases until to achieve the equilibrium. Namely, 

the glyphosate removal increases with time at the two initial glyphosate concentration, with the range 

of 0-52,56% for 500 mg.L-1 and 0-41.55% for 1000 mg.L-1 in 9 h. And the time for 500 mg.L-1 

glyphosate to achieve the equilibrium is shorter than that for 1000 mg.L-1 glyphosate. For 500 mg.L-

1 glyphosate, the equilibrium was achieved before 9 h, while not enough for 1000 mg.L-1 glyphosate. 

Thus, the glyphosate concentrations were measured after 24 h. The glyphosate removal efficiencies 

were 55.31% and 60.73% (Table 5.3) by acclimated activated sludge at 500 and 1000 mg.L-1 

glyphosate, respectively.  

While for non-acclimated activated sludge, glyphosate concentration almost keeps the same with 

the initial one, indicating no obvious glyphosate degradation by non-acclimated activated sludge. The 
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same trend is found for TOC reduction by acclimated and non-acclimated activated sludge (Fig. 5.4). 

The TOC removal efficiencies for acclimated activated sludge are 0-50.30% for 500 mg.L-1 and 0-

58.72% for 1000 mg.L-1 after 24 h, which are both slower than glyphosate removal efficiencies, 

indicating the presence of some intermediates during the biodegradation process. For non-acclimated 

activated sludge, the TOC reduction is very low (less than 3%) and negative value appears at the 

initial glyphosate concentration of 1000 mg.L-1. This is due to the inhibition of bacteria growth by 

the high concentration of glyphosate, resulting the death of bacteria. The significant difference in the 

glyphosate and TOC removal between acclimated and non-acclimated activated sludge gives an 

obvious indication that acclimation of heterotrophic biomass to the glyphosate is essential for the 

effective removal of glyphosate. 

Table 5.3 Glyphosate removal efficiency by acclimated and non-acclimated sludge at two initial glyphosate 
after 24 h 

Type 
Initial glyphosate 

concentration (mg.L-1) 
Glyphosate removal 

efficiency (%) 
TOC reduction  

(%) 

Acclimated activated 
sludge 

500 55.31±0.44% 50.31±0.59% 

1000 60.73±0.20% 58.72±0.23% 

Non-acclimated activated 
sludge 

500 4.17±0.60% 2.33±0.90% 

1000 4.79±0.27% -2.58±0.34% 

 

5.3.4 Kinetics of glyphosate biodegradation 

In order to study degradation kinetics of glyphosate by the acclimated activated sludge, the 

experiments of glyphosate biodegradation were conducted with concentrations of 200, 500 and 1000 

mg.L-1 using the same process with the section 5.2.3. 

5.3.3.1 Glyphosate and TOC reduction 

Fig. 5.4 shows the glyphosate and TOC reduction by acclimated activated sludge with time under 

three initial glyphosate concentrations of 200-1000 mg.L-1. It can be seen from the figure that the 

acclimated activated sludge was able to transform glyphosate for all the concentrations tested.  It 

should be noticed that it was possible to almost completely remove glyphosate for all concentrations 

tested after 3 h of culture. However, after 3 h, TOC reduction is 45.1, 42.4 and 43.42% for glyphosate 

concentration of 200, 500 and 1000 mg.L-1, respectively and it increases to 52.6, 58.1 and 57.8% after 

24 h. At the same reaction time, the TOC reduction is found to be smaller than glyphosate removal. 

This is attributed to the formation of intermediates, which remained in the solution and were not 

further metabolized, and not analyzed. 
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Fig. 5.4 Glyphosate and AMPA concentration and TOC reduction under three initial glyphosate 
concentration: (a) 200 mg.L-1; (b) 500 mg.L-1; (c) 1000 mg.L-1. 

5.3.3.2 Respirometer experiments 

Bacterial activity was confirmed by DO measurements. The respirometer experiments were 

performed to evaluate the effects of the initial glyphosate concentration  on the total OUR (OURT), 

which represented the sum of the exogenous OUR (OURex) and endogenous OUR (OURen), calculated 

from Eq. 5-1. The results for respirometer experiments is shown in Table 5.4. It shows that the oxygen 

mass transfer coefficient obtained for the acclimation process was 0.14±0.03 min-1, which is in the 

range of those found in the literature (Al-Ahmady, 2010; Mineta et al., 2011). Moreover, it depicts 

that the OURen of the acclimated activated sludge was 0.11±0.02 mgO2.L-1.min-1, which was defined 

as the oxygen consumption of microorganisms in the absence of substrate. Generally, OURen could 

increase with an increase in MLSS (Mineta et al., 2011). However, in this work, the initial 

concentration of MLSS was kept constant at different initial glyphosate concentration, thus making 

the same values for different initial glyphosate concentration. When glyphosate was added to 

activated sludge, the OURT values increased, which was higher than the initial value (OURen). And 

its values increased with the increase of initial glyphosate concentration, revealing the metabolism of 
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glyphosate by bacteria. The glyphosate yield on oxygen (Ys/O) was significantly increased with the 

increase of glyphosate concentration from 200 to 500 mg.L-1. This phenome could be explained by 

the half-saturation constant (Ks) which is discussed below. 

Table 5.4 OUR in the kinetics process under different initial glyphosate concentration 

Glyphosate 
concentration (mg.L-1) 

OURen 
(mgO2·L-1·min-1) 

kLa 
(min-1) 

OURT 
(mg O2·g-1·min-1) 

Ys/O 

(mg.mg-1 O2) 
200 

0.11±0.02 0.14±0.03 
0.97±0.14 0.89 

500 1.36±0.12 5.70 
1000 1.51±0.20 5.48 

 

5.3.3.3 Kinetic model 

Growth kinetics of microorganisms in activated sludge process can be expressed by Monod 

model (Monod, 1949), which describes the growth of culture on the utilization of single substrates.  

The Monod model can describe cell growth rate as follows: ⁄ = �                                                       Eq. 5-3 

Monod described the specific growth rate of bacteria depending on a specific maximum growth 

rate and a limiting substrate concentration: � = � +                                                   Eq. 5-4 

The rate of glyphosate consumption by bacteria could be described by the Monod expression in 

a batch reactor (Eq. 5-4): − = � +                                                    Eq. 5-5 

where X is the bacteria concentration (i.e. MLSS, g.L-1);  ⁄  is the bacteria growth rate (g.L-1.h-

1); � and �  is the specific bacteria growth rate and maximum specific bacteria growth rate (h-1), 

respectively;  is the glyphosate concentration (mg.L-1); ⁄  is the glyphosate utilization rate 

(mg.L-1.h-1);  is the half-saturation constant (defined as the substrate concentration at 1/2 the 

maximum specific bacteria growth rate, g.L-1); Y is the bacteria cell yield (mg.mg-1). 

The Monod’s system of differential equations is solved with the ode’s Matlab solver through 

using the forth order Runge-Kutta method to obtain the time evolution of S and X. An optimization 

procedure through coupling the fsolve function of Matlab with the Levenberg-Marquardt 

optimization algorithm has been also implemented to obtaine the optimal parameters: Y, �    that lead to the best quadratic error between experimental and computed values for S. 
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Time evolution and comparison with the experimental data are presented on Fig. 5.5. It shows that 

Monod modle can well fit the growth kinetic of glyphosate. The bacteria cell yield (Y) derived from 

the model was 0.69, which is in the range of values reported for other organic compounds 

biodegradation by activated sludge (Karahan et al., 2010; Vázquez-Rodríguez et al., 2006). The 

maximum growth rate (µmax) on glyphosate was found as 0.34 h-1 for the acclimated activated sludge, 

which is in the middle range of those (0.05-0.87 h-1) found in the literature (Nourouzi et al., 2012; 

Tazdaït et al., 2018). However, it is lower than that for glucose (0.79 h-1) (Schulze and Lipe, 1964). 

This difference can be explained by several factors, such as the difference of biodegradability between 

glyphosate and glucose, different microbial species selected during the acclimation process and 

different metabolism pathways. Moreover, during glyphosate biodegradation process, some 

metabolic intermediates generated, could be inhibitory substrates for microorganisms. The half-

saturation constant (Ks) was 1600 mg.L-1, which is higher than that of glyphosate biodegradation by 

mixed culture (33-181 mg.L-1) and non-acclimated activate sludge (340 mg.L-1) reported by Nourouzi 

et al. (2012) and Tazdaït et al. (2018), respectively. Literature shows that the difference of kinetic 

parameters  is caused by several factors, such as inoculum history (acclimation), changes in the 

predominating microbial species during the assays, and environmental factors (pH, temperature) 

(Contreras et al., 2008). Furthermore, during acclimation process, the conditions changes, such as 

substrate concentration, dilution rate, or substrate to microorganism ratio, which can modify the 

population metabolic state also affect kinetic parameters (Ben-Youssef and Vázquez-Rodríguez, 

2011). 
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Fig. 5.5 Time evolution of glyphosate concentration using Monod model and comparison with experimental 
data 
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5.3.3.4 Proposed biodegradation pathway 

Two pathways have been always proposed for glyphosate biodegradation: (1) the conversion of 

glyphosate to AMPA and glyoxylate through the C-N cleavage by the presence of glyphosate 

oxidoreductase; (2) the formation of sarcosine through the C-P cleavage catalyzed by C-P lyase (Liu 

et al., 1991; Sviridov et al., 2015; Zhao et al., 2015). In order to elucidate the glyphosate pathway in 

the acclimated activate sludge in this study, the possible degradation products of glyphosate were 

analyzed. Sarcosine was not detected in the samples, indicating the absence of the sarcosine pathway. 

However, AMPA was detected by LC-MS analysis with the m/z of 110.0032 amu and the 

concentrations of AMPA were shown in Fig. 5.4. It presents that the AMPA concentration increases 

with time under three glyphosate concentration tested. It can  be noticed that for each mole of 

glyphosate that decomposed, approximately one mole of AMPA generated, indicating the only 

AMPA pathway existing in the glyphosate biodegradation. The results is consistent with the previous 

results from literature(Obojska et al., 2002; Hadi et al., 2013). 

Table 5.5 The concentration of possible byproducts of glyphosate before and after 24 h treatment 

Glyphosate concentration 
(mg.L-1) 

Before treatment (mM) After 24 h treatment (mM) 
HCHO PO4

3- NH4
+ NO3

- HCHO PO4
3- NH4

+ NO3
- 

200 
0.007 0.16 2.79 0.04 

0.038 0.19 - 0.24 
500 0.045 0.20 - 0.32 

1000 0.091 0.24 - 0.52 
 

Furthermore, other possible byproducts of glyphosate before and after 24 h treatment were 

measured by UV-Vis spectrophotometry and shown in Table 5.5. It is interesting to note that PO4
3- 

slightly increased after 24 h treatment, even that glyphosate was completely degradated into AMPA, 

indicating that PO4
3- is not directly conversed from glyphosate, similar to previous studies (Annett et 

al., 2014; Kryuchkova et al., 2014). It is most probably that AMPA is transformed into PO4
3- by C-P 

lyase (Pipke et al., 1987; Ermakova et al., 2017). The further possible metabolite, formaldehyde 

(HCHO), was also detected with increasing concentration from 0.038 to 0.091 mM with glyphosate 

concentration ranging from 200 to 1000 mg.L-1 after biological treatment (Table 5.5), respectively. 

The amount of formaldehyde generated is approximately equivalent to the amount of PO4
3- formed, 

possibly indicating the existence of phosphonatase pathway which has been proposed in the literature 

(Lee et al., 1992; Sviridov et al., 2012): (1) the transamination of AMPA to phosphonoformaldehyde 

catalyzed by a aminotransferase; (2) the formation of formaldehyde and PO4
3- from C-P bond 

cleavage of phosphonoformaldehyde. However, the phosphonatase pathway of glyphosate 

biodegradation is still a hypothesis as none of its enzymes have been isolated nor characterized 
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(Sviridov et al., 2012). Although there is no direct evidence yet to confirm this pathway, the existence 

of such pathway of glyphosate mineralization is the most convenient explanation of the results 

presented in this study. 

NH4
+, a possible final mineralization product of AMPA, is not detected after biological treatment 

(Table 5.5), possibly due to be used as nitrogen source of the synthesis of bacterial cell substances or 

nitrogen-containing metabolites. However, the concentration of NO3
- is found to increase with the 

increase of glyphosate concentration after 24 h treatment. This is possibly due to the nitrification of 

microorganisms to generate NO3
-. 

 

Fig. 5.6 Proposed biodegradation pathway of glyphosate 

According to the above evaluation of byproducts of glyphosate, a possible biodegradation 

pathway was proposed in Fig. 5.6. First, the acclimated activated sludge is able to utilize glyphosate 

as the sole carbon source with stoichiometric formation of  AMPA and glyoxylic acid through the 

cleavage of C-N bond by the presence of glyphosate oxidoreductase. Glyoxylic acid may be 

incorporated in tricarboxylic acid cycle (Jacob, 1988; Sviridov et al., 2012). AMPA was further 

metabolized to phosphonoformaldehyde through the transamination catalyzed by an aminotransferase 

and then transfer to formaldehyde and PO4
3- from C-P bond cleavage of phosphonoformaldehyde. 

The resulting formaldehyde can enter the carbon metabolic pathways of cellular growth (Tazdaït et 

al., 2018). 

5.4 Conclusion 

The results obtained in this study suggested that an acclimated process promote the 

biodegradation of glyphosate by activated sludge through using glyphosate as sole carbon source. 

Complete glyphosate removal has been obtained by acclimated activated sludge. The conventional 

Monod model was used to describe adequately both biomass growth and glyphosate degradation 

profiles at various glyphosate initial concentrations. With the help of these results, a biodegradation 

pathway of glyphosate by acclimated activated sludge was proposed. This study has important 

engineering implications for the biological treatment of real glyphosate-containing wastewater. 
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The treatment of glyphosate-containing wastewater by individually WAO or biological process has 

been discussed in the previous chapters. Through the Chapter 3 and 4, it is known that complete 

glyphosate removal efficiency could be achieved by WAO process, while many intermediates are 

generated requiring further treatment. Chapter 5 indicates that the acclimation process promoted the 

glyphosate biodegradation by activated sludge through using glyphosate as sole carbon source and a 

complete glyphosate removal was achieved. Thus, in the next chapter, the performance of the 

combined process for glyphosate degradation is discussed. The glyphosate-containing wastewater 

after WAO pre-treatment (as discussed in the Chapter 3) was further treated by the acclimated 

activated sludge, as described in the Chapter 5. Concerning this purpose, removal efficiencies of 

glyphosate, total organic carbon (TOC) and chemical oxygen demand (COD) and the formation of 

byproducts during WAO and biological steps were analyzed in order to evaluate the feasibility of the 

coupled process for glyphosate-containing wastewater treatment. 
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Abstract  

This work investigated the treatment of a synthetic wastewater containing glyphosate through an 

integrated wet air oxidation (WAO)-biological treatment process. Aqueous solutions of 1 g.L-1 of 

glyphosate were first treated by WAO process at temperature in the range of 423-523 K (P = 15 MPa 

and reaction time of 30 min). Then the oxidized effluents were treated by acclimated and non-

acclimated activated sludge in a batch reactor with a residence time of 24 h. Several parameters were 

evaluated, such as pH, mixed liquor suspended solid (MLSS), and glyphosate, TOC and COD 

removal rates. Complete glyphosate degradation and 59.43% and 56.72% of TOC and COD reduction, 

were achieved respectively by the integrated process. Identification and quantification of by-products 

were also studied. Finally, a possible degradation pathway of glyphosate by the integrated WAO-

biological process was proposed. 

Keywords: Glyphosate; wet air oxidation; kinetics; biological treatment; combined processes 

 

6.1 Introduction 

The pesticide industry is one of the major industries in chemicals. Among different pesticides, 

organophosphorus pesticides are widely used in the world due to its high efficiency and broad 

spectrum. Synthetic organophosphorus pesticides are extensively used as insecticides, fungicides and 

herbicides in agriculture and domestic use (Richins et al., 1997). The increasing use of 

organophosphorus pesticides can cause potential adverse environmental and human health effects 

(Srivastava et al., 2009). A variety of different physical, chemical and biological technologies have 

been reported to treat organophosphorus pesticides present in wastewater (Richins et al., 1997; Chen 

and Cao, 2005; Chen et al., 2007; Srivastava et al., 2009). There is no doubt that biological treatments 

can be continuously used as a baseline treatment process for most organic compounds, which is 

always considered as a friendly and low cost wastewater treatment technology (Mantzavinos et al., 

1999). However, some refractory and complex effluents cannot be well treated by biological 

processes, due to the the presence of inhibitory, toxic or resistant compounds to biological metabolism 

(Suarez-Ojeda et al., 2007). Wastewater discharged from the organophosphorus pesticide-

manufacturing factory is characteristic of high value of Chemical Oxygen Demand (COD), strong 

toxicity, poor biodegradability and complicated constituents (Li and Yang, 2008). Thus, it is 

necessary to develop new technologies to easily degrade such substances. Recently, coupling 

advanced oxidation processes (AOPs) and biological processes has been reported as a promising 
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treatment technology for these compounds (Mantzavinos and Kalogerakis, 2005; Minière et al., 2017) 

considering both environmental and economic advantages. 

AOPs is a potential technology to oxidize a wide range of organic compounds into carbon 

dioxide or less toxic oxidation intermediates, using highly and non-specific reactive hydroxyl radicals 

(Mantzavinos and Kalogerakis, 2005; Azabou et al., 2010). AOPs include UV irradiation, 

photocatalysis, ozonation, Fenton oxidation, electrochemical oxidation, wet air oxidation as well as 

various combination (Divyapriya et al., 2016). AOPs was reported to be efficient to degrade different 

types of pesticides as well as different inhibitory organic pollutants (Lafi and Al-Qodah, 2006). 

However, the operational cost of AOPs is relatively high compared to biological processes This could 

be explained by the formation of intermediates which tend to be difficult for complete chemical 

degradation and consume energy and chemical reagents (Oller et al., 2011). Moreover, the pollutants 

concentration after AOPs treatment seldomly achieves a safe discharge standard for the treated 

wastewater into the Environment (Lin and Chuang, 1994; Lafi and Al-Qodah, 2006). Thus, these 

effluents are needed to be further treated by a biological process in order to overtake the previous 

drawbacks. The main idea of coupling processes is to treat toxic and/or non-biodegradable effluent 

by an AOP during a short time to generate intermediates which are fully biodegradable, then 

achieving the treatment by a  biological step for the complete degradation of organic compounds 

(Azabou et al., 2010). Among the various AOPs, wet air oxidation (WAO) is a very interesting 

technology for the treatment of organic compounds from wastewater, due to its fast reaction rate and 

high efficiency (Chakchouk et al., 1994; Lin and Chuang, 1994; Kaçar et al., 2003; Suarez-Ojeda et 

al., 2005). It consists in oxidizing organic compounds into CO2 or less toxic oxidation intermediates 

at elevated temperature (398-573 K) and pressure (0.5-20 MPa), using oxygen (generally from air) 

as oxidant (Debellefontaine and Foussard, 2000; Lefèvre et al., 2011a, 2011b; Lefevre et al., 2012). 

In the past decades, WAO process has been frequently used by researchers as a pretreatment step 

before a biological step (Lin and Chuang, 1994; Patterson et al., 2002; Kaçar et al., 2003; Minière et 

al., 2017). Literatures survey on WAO and biological combined processes shows high removal 

efficiency for different organic compounds or various wastewaters, such as polyethylene glycol 

(Mantzavinos et al., 1997), substituted phenols (Suarez-Ojeda et al., 2007), linear alkylbenzene 

sulfonates (Patterson et al., 2002), deltamethrin (Lafi and Al-Qodah, 2006). However, no information 

in the literature regarding the applications of combined WAO with biological treatment to eliminate 

organophosphorus pesticides have been reported. 

Therefore, the purpose of this study is to apply an integrated WAO-biological process to treat 

organophosphorus pesticides effluents. Glyphosate (N-(phophonomethyl)glycine) is selected as the 
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typical organophosphorus pesticides for this study. Glyphosate is a broad-spectrum, nonselective and 

post-emergence organophosphorus herbicide, used to eradicate weeds, especially annual broadleaf 

weeds and grasses (Waiman et al., 2012; Junges et al., 2013). Due to its extensive use, glyphosate has 

been reported to contaminate the Environment from various sources, such as industrial effluents, 

agricultural runoff and chemical spill (Botta et al., 2009). Thus, in this study, a combined WAO-

biological process was used to treat wastewater containing glyphosate. The removal performance of 

the subsequent biological process for the effluents treated by WAO process were compared between 

the acclimated and non-acclimated activated sludge. Moreover, the pathways for glyphosate 

degradation by the combined WAO-biological process were proposed. This study provides a potential 

technology for the treatment of wastewaters containing organophosphorus pesticides. 

6.2 Materials and methods 

6.2.1 Materials 

High purity (>95%) glyphosate was purchased from Leap Labchem Co., Limited, China. 

Aminomethylphosphonic acid (AMPA), sarcosine and other chemicals were obtained from Sigma-

Aldrich (Saint Quentin Fallavier, France). The synthetic air used as oxidant had a purity of 99.999% 

(Air Liquid, France). Glyphosate stock concentrations were taken as 1 g.L-1. 

6.2.2 Experimental set-up for WAO process 

WAO experiments were conducted in a 202 mL stainless steel batch reactor (Top Industrie, 

France). Fig. 6.1 shows the schematic diagram of the WAO batch reactor. The autoclave is equipped 

with a stirrer (rushton propeller) and can reach the maximum temperature and pressure of 350℃ and 

30 MPa, respectively. The temperature is regulated by a cooling jacket and an electric heating collar. 

A glyphosate solution of 1000 mg.L-1 was prepared. 120 mL of glyphosate solutions was injected 

into the reactor and then the reactor was isolated. The operating conditions were chosen from previous 

kinetics experiments of glyphosate oxidation by WAO process conducted in Chapter 3. Pressure was 

set at 15 MPa and temperature at 423, 473 and 523 K, respectively, with a reaction time of 30 min, 

and an air factor (ratio between the oxygen injected into the batch reactor and the stoichiometry 

oxygen quantity) of 1.7. The reactor was first pressurized at an initial pressure with nitrogen. This 

first pressure was calculated from the Soave-Redlich-Kwong equation of state (Lefèvre et al., 2011b). , 

in order to reach required final pressure and temperature in the batch reactor. The initial nitrogen 

pressure was 7.78, 6 and 2.15 MPa with respect to the temperature of 423, 473 and 523 K, respectively. 

When the set temperature was achieved, the air was injected into the reactor at a calculated and the 
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reaction began (t=0). The agitation speed was set at 1000 rpm in order to overcome the limitations of 

mass transfer (Lefèvre et al., 2011a). Finally, after 30 min, the reactor was purged, and sample was 

collected. The sample was stored at 4℃ (to limit further oxidation reactions) for further biological 

treatment. This procedure was done 2 times in order to recover 240 mL of pre-oxidized sample. This 

volume is necessary for further biological operation. 

 

Fig. 6.1 Schematic diagram of WAO setup using the batch reactor. 1 – air bottle; 2 – nitrogen bottle; 3 – gas 
purge; 4 – bursting disk; 5 – liquid injection; 6 – gas purge; 7 – stir; 8 – cooling water inlet; 9 – compressed 

air; 10 – cooling water outlet; 11 – heater; 12 – liquid sampling 

6.2.3 Experimental set-up for biological treatment process 

To enhance glyphosate biodegradation, an acclimation process was performed in a 5 L fed-batch 

reactor. The reactor was inoculated with 4.5 L of raw activated sludge, collected from a wastewater 

treatment plant (Aix-en-Provence, France) at a concentration of 5.35 g.L-1(MLSS). The activated 

sludge was mixed with synthetic substrate-glyphosate mixture. The basic composition of medium 

wasμ (NH4)2SO4 223 mg L-1, K2HPO4 27 mg L-1, KH2PO4 21 mg L-1, MgCl2·2H2O 160 mg L-1, CaCl2 

20 mg L-1, FeSO4·7H2O 1 mg L-1, NaMoO4 2 mg L-1 and MnCl2 1 mg L-1. The pH was adjusted to 

7.0 ±0.05 by using NaOH (1 mol.L-1) and HCl (1 mol.L-1) solutions  . Every 24 h (72 h for the 

weekend), a pulse feeding of synthetic substrate-glyphosate mixture was injected into the reactor. 

Every week, the medium was totally refreshed through increasing glyphosate concentration up to 

1000 mg·L-1 and decreasing glucose concentration to 0 mg·L-1. An air pump with gas distributer was 

applied to maintain dissolved oxygen concentration (DO) above 3 mg.L-1. A stirring device was used 

to retain MLSS in suspension and distribute oxygen. The sludge was incubated at room temperature. 

The acclimation process lasted 280 days as described in Chapter 5.2.2. Chapter 5 showed that after 

the acclimation process, complete glyphosate removal has been obtained. 

The biological experiments for the effluents treated by the WAO process were conducted in a 

500 mL batch reactor at ambient temperature in aerobic conditions. 200 mL of the effluent coming 
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from the WAO process was mixed with other nutrients as above, but without glucose. A certain mass 

of acclimated and non-acclimated activated sludge were collected with the same concentration of 

MLSS of 3 g.L-1. Two oxygen pumps and stirring devices were used to support aerobic conditions 

and completely mix the effluent and activated sludge. The hydraulic resistance time (HRT) was 24 h. 

The operating conditions for glyphosate degradation are summarized in Table 6.1. 10 mL of samples 

were collected regularly for glyphosate and TOC concentration measurements. After 24 h, MLSS, 

pH and the concentration of by-products were measured.  

Table 6.1 Operation conditions for glyphosate degradation by the compact process 

 Initial glyphosate 
concentration (mg.L-1) 

WAO conditions Biological treatment 

T (K) P (MPa) Reaction time (min) HRT (h) 
1000 423 15 30 24 
1000 473 15 30 24 
1000 523 15 30 24 

 

6.2.4 Analytical procedures 

pH values were performed using a pH meter (HACH Sension+ PH3). The procedure for the 

measurement of MLSS is outlined in Standard Method 2540 D (“NEMI Method Summary - 2540 D,” 

n.d.). TOC concentration was calculated from the difference between total carbon (TC) concentration 

and inorganic carbon (IC) concentration measured by a TOC-L analyzer (SHIMADZU). COD 

concentration was conducted by COD Cell Test C4/25 (1.14541.0001, Merck Chemicals) using UV-

vis spectrophotometry at the wavelength of 605 nm. 

For WAO process, glyphosate and its possible by-product, AMPA, were measured by liquid 

chromatography/mass spectrometry technique (LC/MS), an Agilent 12λ0 Infinity system coupled to 

an Agilent 6530 Q-TOF tandem mass spectrometer equipped with an Agilent jet stream (AJS) ion 

source. Mass Hunter workstation software B4.00 was used to perform instrument control, data 

analysis and processing. The analysis method was performed according to Yoshioka et al. (2011). An 

Obelisc N column (150 mm x 2.1 mm I.D, 5µm) was used for sample separation, purchased by SIELC 

Technologies (Interchim, Montluçon, France). The column was kept at 40℃. 1 µL of sample was 

injected for separation. The mobile phase was composed of acetonitrile/water (20/80, v/v) acidified 

with 0.1% formic acid and the flow rate was 0.2 mL.min-1. After LC separation, the solution was 

introduced into the atmospheric pressure ionization source and ionized by electrospray in negative 

ion mode (ESI) leading to the formation of the [M - H]- ions of the analytes. Working conditions were 

as followsμ fragmentor 140 V, capillary 3000 V, skimmer 65 V and nitrogen used as the drying (350℃, 
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10 L.min-1), nebulizing (30 pis) and sheath (350℃, 8 L.min-1) gas. Scanning was performed from m/z 

50 to 1000 amu with 10 038 transients per spectrum. The quantification of glyphosate and AMPA 

concentrations through using Extracted Ion Current (EIC) chromatograms was based on linear 

regression (R2>0.λλλ) obtained by injecting glyphosate or AMPA standard solutions with the range 

of concentrations of 5-200 µg.mL-1. Retention times, mass of deprotonated molecules and EIC target 

molecular weight ranges shown between brackets were as followsμ AMPA (3.6λ5 min, 110.0032 amu, 

[10λ.8-110.2 amu]) and glyphosate (7.455 min, 168.0111 amu, [167.8-168.2 amu]). For biological 

process, the concentrations of glyphosate were monitored by UV-Vis spectrophotometer (photoLab® 

6600 UV-VIS) according to Bhaskara and Nagaraja, (2006) with maximum absorption at 570 nm. 

Through comparing the results from other studies between LC/MS and UV analysis for glyphosate 

concentration at same condition, a linear relationship was obtained. Thus, the glyphosate 

concentration after biological can be corrected by the equation y=1.48x-339.96 (R2=0.980) using UV 

results (x: glyphosate concentration measured by UV; Y: corrected glyphosate concentration). 

In this work, the efficiency of each component in the integrated treatment was calculated by the 

following equations: � = − ×                                                        Eq. 6-1 

� = − ×                                                         Eq. 6-2 

� = − ×                                                         Eq. 6-3 

where � , �  and �  represent the removal efficiency of glyphosate (X), TOC (Y) and COD (Z) after 

WAO pre-treatment, biological treatment and the combined process (total removal efficiency) 

respectively. , , and  are the initial concentration, the concentration after WAO pretreatment 

and the concentration after biological treatment of glyphosate, TOC and COD respectively. 

The following possible by-products of glyphosate degradation by the WAO-biological process 

combination were also measured: sarcosine, NH4
+, NO3

-, PO4
3-, and formaldehyde (HCHO). The 

detection of sarcosine was conducted by a specific test kit (Biovision kit Sarcosine, K636-100) with 

the maximum absorption wavelength of 570 nm. NH4
+ was determined by UV-vis spectrophotometry 

using Spectroquant® test kit (1.14752.0001, Merck Chemicals) with the maximum wavelength of 690 

nm. NO3
- was measured by UV-vis spectroscopy (Spectroquant® test kit 1.09713.0001, Merck 

Chemicals). The absorption maximum is at =340 nm. PO4
3- was quantified by UV-vis spectroscopy 

through using Spectroquant® test kit (1.00798.0001, Merck Chemicals) with the absorption maximum 
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at =690 nm. Formadehyde is measured by UV-vis spectrophotometry by Spectroquant® test kit 

(1.14678.0001, Merch Chemicals). The maximum absorption wavelength is 565 nm. 

6.3 Results and discussion 

6.3.1 WAO pretreatment 

The effect of temperature on the glyphosate degradation by WAO process as pretreatment under 

a constant pressure of 15 MPa with a residence time of 30 min has been studied in terms of glyphosate 

(X1), TOC (Y1) and COD (Z1) removal efficiency and the results are shown in Table 6.2. It is obvious 

from Table 6.2 that glyphosate, TOC and COD reduction all increased with WAO temperature, with 

the range of 18.61-100%, 8.17-46.24% and 9.06-44.38%, respectively. As expected, the glyphosate 

decomposition appears to be faster than the corresponding TOC and COD reduction under the same 

operation conditions. For instance, after 30 min of WAO oxidation at 523 K, complete glyphosate 

removal was achieved while there was more than 50% TOC and COD existing in aqueous phase. This 

is because in addition to carbon dioxide and water as final by-products of glyphosate oxidation, 

decomposition of glyphosate also generates other small molecule organic intermediates, which would 

be partially oxidized to carbon dioxide and water. The undecomposed small molecule intermediates 

contribute to the bulk of TOC and COD in the treated effluent. The same trend was also reported on 

WAO process for other organic contaminates, such as substituted phenols (Lin and Chuang, 1994b; 

Suárez-Ojeda et al., 2008), alkylbenzene sulfonates (Patterson et al., 2002), and polyethylene glycols 

(Mantzavinos et al., 1996). Suárez-Ojeda et al. (2008) pointed out that the higher difference between 

the removal efficiency of organic compounds and TOC or COD reduction, the higher amount of 

partially oxidized intermediates generates in the effluent and the lower mineralization. This can be 

also confirmed by the change of pH during the oxidation of glyphosate at three temperatures. The pH 

values increased 0.07-1.23 unit compared to the initial pH of 2.51 within 30 min of oxidation at 

temperatures from 423 to 523 K, in consistent with Xing et al. (2018). This implies that alkaline 

substance was formed during the glyphosate oxidation, such as PO4
3- and their concentration 

increased with WAO temperature. 

As mentioned above, the aim of WAO pretreatment is to eliminate glyphosate present in the 

wastewater to give more biodegradable compounds which would be degraded in the following 

biological treatment.  
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6.3.2 Biological process 

As mentioned above, the WAO process as pretreatment is conducted mainly to eliminate 

glyphosate and to combine this step with a biological step through using the treated effluent as a 

substrate to the biomass in the bioreactor. In the biological process, the effluent from WAO process 

(with nutrients presented in the Section 5.2.2) was used as the substrate for activated sludge non 

acclimated or previously acclimated to glyphosate. The pH of the effluent was adjusted to 7±0.05 

before biological treatment. The biological experiments were conducted in a 500 mL stirred-batch 

reactor with a residence time of 24 h. 

Table 6.2 shows the glyphosate (X2), TOC (Y2) and COD (Z2) removal after 24 h in biological 

process after WAO pretreatment for acclimated and non-acclimated activated sludge and the biomass 

concentration represented by MLSS and pH value after 24 h culture is shown in Table 6.3.  

For non-acclimated sludge, glyphosate, TOC and COD removal were all very low, after WAO 

pretreatment, indicating that glyphosate cannot be well used by non-acclimated sludge. The negative 

values of TOC and COD removal for the effluent after WAO treatment under the temperature of 423 

K in non-acclimated sludge comes most likely from cell lysis and excretion of soluble microbial 

products due to the death of microbial cell (Patterson et al., 2002). The decrease of MLSS (Table 6.3) 

for non-acclimated sludge is further confirming that glyphosate inhibits the growth of biomass and 

the inhibition effect enhances with the increase of glyphosate concentration in the effluent after WAO 

pretreatment. After WAO pretreatment, TOC and COD reduction were further found after biological 

treatment, respectively, even no glyphosate removal achieved at 523 K. Therefore, it indicates that 

some organic intermediate produced at high WAO temperature could be utilized by the non-

acclimated sludge. Table 6.3 also shows that the pH in the non-acclimated activated sludge ranged 

from initial value of 7 to 6.81, 7.11 and 7.39 with the WAO temperature conditions of 423, 473 and 

523 K, respectively. The decrease of pH at 423 K may be due to the decomposition of microorganisms 

caused by the inhibition effect of glyphosate which could generate acids. While the increase of pH at 

473 and 523 K is possibly caused by the degradation of intermediates generated in WAO process 

which produces alkaline substances. The specific mechanism is needed to be further studied. 
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Table 6.2 Glyphosate, TOC and COD removal efficiency for each treatment and the combine process 

WAO Biological treatment Total 

T (K) 
Glyphosate 

removal (X1, %) 

TOC 
removal 
(Y1, %) 

COD 
removal 
(Z1, %) 

Sludge 
Glyphosate 

removal (X2, %) 

TOC 
removal 
(Y2, %) 

COD removal 
(Z2, %) 

Glyphosate 
removal (X3, %) 

TOC removal 
(Y3, %) 

COD removal 
(Z3, %) 

423 18.61 8.17 9.06 

Acclimated activated 

sludge 

51.26 30.21 28.35 60.33 35.92 34.84 

473 75.95 31.03 35.00 17.57 34.72 30.77 80.18 54.98 55.00 

523 100.00 46.24 44.38 - 24.52 22.19 100 59.43 56.72 

423 18.61 8.17 9.06 

Non-acclimated 

activated sludge 

0.69 -6.19 -3.61 19.17 2.49 5.78 

473 75.95 31.03 35.00 15.09 11.50 4.33 79.58 38.97 37.81 

523 100.00 46.24 44.38 - 11.35 7.58 100 52.35 48.59 
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Table 6.3 The change of MLSS and pH values for glyphosate degradation in the biological treatment after 
WAO pretreatment 

WAO conditions Biological treatment 

T (K) P (MPa) 
Reaction 

time (min) 
Sludge 

initial After 24 h culture 

MLSS (g.L-1) pH MLSS (g.L-1) pH 

423 15 30 

Acclimated 
activated sludge 

3±0.39 7±0.05 2.65±0.12 7.77 

473 15 30 3±0.39 7±0.05 3.28±0.24 7.14 

523 15 30 3±0.39 7±0.05 3.10±0.14 7.28 

423 15 30 

Non-acclimated 
activated sludge 

3±0.1 7±0.05 1.60±0.03 6.81 

473 15 30 3±0.1 7±0.05 1.92±0.07 7.11 

523 15 30 3±0.1 7±0.05 1.89±0.15 7.39 

 

For acclimated sludge, glyphosate, TOC and COD reduction were all much higher than that for 

non-acclimated sludge and in the range of 0-51.26%, 24.52-34.72% and 22.19-28.35%, respectively. 

This indicates that the acclimation process leads to increase the ability of the sludge to degrade 

glyphosate. The glyphosate removal in biological process decreased with WAO temperature. This is 

because more glyphosate was removed by WAO pre-treatment at high temperature, with little 

additional glyphosate reduction by the aerobic biodegradation treatment. Table 6.2 shows that higher 

removal efficiency of glyphosate, TOC and COD removal was obtained by acclimated sludge than 

that by WAO pretreatment at 423 K, indicating the enhancement of the biodegradability of WAO 

effluents. Furthermore, higher TOC and COD removal than glyphosate removal are obtained by 

acclimated sludge after WAO pretreatment at 473 and 523 K, indicating that the intermediates 

generated after WAO pre-treatment could be further utilized by acclimated sludge. This also reveals 

that the biodegradability of glyphosate solution treated by WAO process improves, similar to 

previous literature results on other molecules (Patterson et al., 2002; Kaçar et al., 2003; Suárez-Ojeda 

et al., 2008).  

Generally, since WAO treatment is considered to be more costly than biological treatment, most 

of the TOC removal should take place in the biodegradation process, i.e. Y2>Y1 (Patterson et al., 2002). 

Y2>Y1 was found the WAO temperature of 423 and 473 K for acclimated sludge, in consistent with 

the description above, while Y2<Y1 obtained at 523 K. There are less organics compound to degrade 

and glyphosate is oxidized into increasingly smaller molecules at higher WAO temperature which 

are inert to be metabolized by microorganisms. Patterson et al. (2002) found a similar trend for the 

degradation of linear alkylbenzene sulfonates by an integrated WAO-biological treatment process. 
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Moreover, Table 6.3 depicts that the MLSS of acclimated sludge after 24 h culture was  almost 

the same with theinitial MLSS of 3±0.39, indicating that the biomass concentration almost kept 

constant during the biological treatment. This reveals that the effluents from WAO pretreatment do 

not cause an inhibition effect for the growth of acclimated activated sludge. The pH for acclimated 

activate sludge after 24 h at different WAO process were all higher than the initial pH of 7, which 

may be caused by glyphosate or its intermediates generated in WAO pretreatment. 

6.3.3 Combination of WAO and biological process 

As shown in Table 6.2, the glyphosate, TOC and COD destruction achieved by the combined 

process was all larger than that of single WAO or biological treatment. The maximum total glyphosate, 

TOC and COD reduction was 100%, 59.43% and 56.72%, respectively, for acclimated sludge, higher 

than non-acclimated asludge. This implies that pretreatment by glyphosate improves the following 

biological treatment, resulting in the increase of the degradation and mineralization of glyphosate. 

This may be attributed to the factor that some intermediates of glyphosate generate during WAO 

process, which can be degraded by the following biological treatment. The total glyphosate, TOC and 

COD removal all increased with the increase of the WAO temperature. The total glyphosate removal 

was mainly attributed to the WAO pretreatment. The total TOC and COD reduction at 423 and 473 

K was mainly owing to the biological treatment, while for 523 K attributed to the WAO process 

which has explained above. 

Complete glyphosate removal has been achieved by the compact process, which is meet the 

China standard (GB21523-2008) of glyphosate release (1.0 mg.L-1) in environment, However, the 

resulting COD and TOC values exceeded the limits for effluent discharge of 80 and 40 mg.L-1 

(GB21523-2008), respectively. It needs further study to increase the performance of this compact 

process through further decreasing COD and TOC concentration in order to meet the limitation of the 

release of glyphosate effluent. For example, it is possible to optimize several elements, such as HRT, 

type of reactor and its hydrodynamic behavior, temperature for biological process and pressure for 

WAO process. 

6.3.4 Identification and quantification of by-products 

Previous studied reported that the possible by-products of glyphosate oxidation are AMPA, 

glyoxylate, sarcosine, glycine, NH4
+, NO3

-, PO4
3-, and formaldehyde (Barrett and McBride, 2005; 

Chen et al., 2007a; Echavia et al., 2009; Manassero et al., 2010; Xing et al., 2018). In this study, the 

identification of by-products was conducted by LC/MS analyses and UV-vis spectrophotometry. The 
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analyses of glyphosate solutions before and after WAO and biological treatment were measured 

according to the same procedure described in previous section. Sarcosine was both not detected in 

samples after WAO or biological treatment. The comparison of the two mass spectra obvious shows 

a significant decrease of glyphosate characteristic peak (m/z=168.0111) and an obvious increase of 

the characteristic peak of AMPA (m/z=110.0032), which is similar to Ndjeri et al. (2013). The 

concentration of AMPA after WAO process was quantified by LC-MS (Section 6.2.4) and the results 

is shown in Table 6.4, as well as its yield (= molar concentration of AMPA generated/initial glyphosate 

molar concentration×100). Table 4 shows that AMPA concentration and yield increase with the 

temperature from 423 K and 473 K with respect to the increase of glyphosate destruction, while 

decrease with the temperature further increased to 523 K, indicating that AMPA is the primary 

products of glyphosate and can be further oxidized at high temperature. This has been confirmed in 

the kinetic experiments of glyphosate oxidation by WAO process in Chapter 3.  

Table 6.4 The concentration and yield of AMPA after WAO pretreatment. 

T (K) 
Effluent after WAO 

Concentration (mg.L-1) Yield (%) 

423 35.37 5.39 

473 364.00 55.42 

523 73.43 11.18 

 

The UV-vis spectrometry measurements described in the experimental section indicates the 

generation of NH4
+, NO3

-, PO4
3-, and formaldehyde. The results are shown in Table 6.5. It can be 

seen that NH4
+ only existed at 523 K in the effluent after WAO treatment with the concentration of 

9.2 mg.L-1. NH4
+ is generally as the final mineralization product of AMPA (Aquino Neto and de 

Andrade, 2009). The low concentration of NH4
+ indicates the presence of other intermediates during 

the conversion from AMPA to NH4
+ during WAO process. According to previous literatures (Annett 

et al., 2014; Fu et al., 2017) and the previous work of Chapter 3, methylamine (CH3NH2) could be an 

possible intermediate during the degradation of AMPA to NH4
+. Thus, the presence of methylamine 

is also expected in our results. NH4
+ both disappeared in acclimated and non-acclimated activated 

sludge, possibly used as nitrogen source for the synthesis of bacterial cell substances or nitrogen-

containing metabolites. The concentration of NO3
- after WAO pretreatment almost kept the same 

with the initial influent, indicating that NO3
- is not generated during WAO process. However, its 

concentration increased after biological treatment in acclimated and non-acclimated sludge. 

Generally, NH4
+ is the mineralization product containing nitrogen in the glyphosate biodegradation 
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(Annett et al., 2014; Kryuchkova et al., 2014; Fu et al., 2017). Thus, this increase is most likely due 

to the nitrification of microorganisms, resulting in NH4
+ conversion into NO3

-. 

Moreover, the concentration of PO4
3- in the effluent increased fast with the increase of WAO 

temperature. PO4
3- is often considered as one of the final oxidation products of glyphosate (Echavia 

et al., 2009; Xing et al., 2018). Therefore, the mineralization efficiency of glyphosate by WAO 

pretreatment increased, which is consistent with the results of TOC and COD. Furthermore, according 

to our previous work on the kinetics of glyphosate by WAO process, PO4
3- has been confirmed to be 

transferred from AMPA, not directly from glyphosate. After the biological treatment, for non-

acclimated activated sludge, PO4
3- concentration is slightly reduced (except at 423 K). This reduction 

may be attributed to PO4
3- used as P source for microorganism. While for acclimated activated sludge, 

PO4
3- concentration always increased. This is because during glyphosate biodegradation, PO4

3- is 

produced, as it is also found in previous studies (Annett et al., 2014; Kryuchkova et al., 2014; Fu et 

al., 2017; Zhan et al., 2018). 

During WAO pretreatment, the concentration of HCHO increased significantly from the initial 

concentration of 0.12 mg.L-1 to 5.9 and 54.25 mg.L-1 when the temperature increased from 423 to 

473 K, respectively. With temperature further increased up to 523 K, HCHO concentration decreased, 

indicating the further oxidation of HCHO at higher temperature. After the treatment by acclimated 

and non-acclimated sludge, the HCHO concentration always reduced below 2 mg.L-1, indicating that 

HCHO had been utilized by microorganisms as C source. This can be explained by our previous study 

on the kinetics of glyphosate biodegradation by acclimated activated sludge. The previous work 

indicated that glyphosate can be utilized by acclimated sludge to generate stoichiometric quantity of 

AMPA and glyoxylic acid through the cleavage of C-N bond by the presence of glyphosate 

oxidoreductase. Then AMPA was metabolized to phosphonoformaldehyde through transamination 

catalyzed by an aminotransferase and then transferred to formaldehyde and PO4
3- from C-P bond 

cleavage of phosphonoformaldehyde. The resulting formaldehyde can enter the carbon metabolic 

pathways of cellular growth. 
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Table 6.5 The concentration of byproducts of glyphosate after the treatment of the combined process. 

T (K) Sludge 

Influent Effluent after WAO Effluent after biological treatment 

NH4
+ 

(mg.L-1) 

NO3
- 

(mg.L-1) 

PO4
3- 

(mg.L-1) 

HCHO 

(mg.L-1) 

NH4
+ 

(mg.L-1) 

NO3
- 

(mg.L-1) 

PO4
3- 

(mg.L-1) 

HCHO 

(mg.L-1) 

NH4
+ 

(mg.L-1) 

NO3
- 

(mg.L-1) 

PO4
3- 

(mg.L-1) 

HCHO 

(mg.L-1) 

423 

Acclimated 

activated sludge 

0 2.5 0.5 0.12 0 2.7 5.9 3.15 0 30.9 19.6 0.82 

473 0 2.5 0.5 0.12 0 2.5 41.1 42.25 0 42.2 50.4 1.54 

523 0 2.5 0.5 0.12 9.2 2.6 99.8 35.45 0 18.2 113.4 0.33 

423 

Non-acclimated 

activated sludge 

0 2.5 0.5 0.12 0 2.7 5.9 3.15 0 9.4 28.8 0.3 

473 0 2.5 0.5 0.12 0 2.5 41.1 42.25 0 9 39.2 0.67 

523 0 2.5 0.5 0.12 9.2 2.6 99.8 35.45 0 7.9 76.8 0.39 
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6.3.5 The degradation pathway of glyphosate 

Through the above analysis of the identification and quantification of by-products of glyphosate 

treated by the combined system, a possible degradation pathway of glyphosate is proposed as shown 

in Fig. 6.2. Glyphosate could both convert to AMPA and glyoxylic acid through the cleavage of C-N 

bond promoted by OH attack and catalyzed by glyphosate oxidoreductase in the WAO and biological 

processes. In WAO process, AMPA was oxidized through the C-P bond cleavage to methylamine, 

HCHO and PO4
3-. Methylamine could be oxidized into NH4

+ and HCHO. However, in the biological 

process, AMPA was first metabolized to phosphonoformaldehyde through the transamination 

catalyzed by an aminotransferase and then transferred to formaldehyde and PO4
3- through the C-P 

bond cleavage. During WAO process, little HCHO can be oxidized to HCOOH or further into CO2 

and H2O (Xing et al., 2018). Most of HCHO was metabolized by microorganisms during biological 

process. 

 

Fig. 6.2 A proposed degradation pathway of glyphsoate by the integrated WAO-biological treatment 

6.4 Conclusions 

This work demonstrated that WAO process coupled with a biological treatment was a feasible 

technology for glyphosate-containing wastewater. An acclimation process to activated sludge is 

needed to increase glyphosate biodegradation. The maximum glyphosate, TOC and COD removal of 

100, 59.43 and 56.72% was achieved for WAO conditions of 523 K coupled with a 24 h residence 

time of acclimation activated sludge treatment. For the optimization of the integrated process, 

knowledge of the main reaction intermediates was studied, and a possible degradation pathway was 

proposed. This could provide a systematic approach to design an efficient integrated treatment 

process for the real glyphosate wastewater. 
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7.1 Conclusion 

This thesis concerns the treatment of wastewater containing glyphosate, a typical emerging 

contaminant, by an integrated WAO-biological process. This work is divided into six main stages. 

The main conclusions could be summarized as follows: 

(1) The bibliographic work showed that glyphosate has been frequently detected in the 

Environment and could cause adverse effects, which is necessary to remove it from environment. The 

integrated WAO-biological treatment may be a very promising method to effectively treat 

glyphosate-containing wastewater. Moreover, the utilization of microfluidic device for WAO process 

may be a potential method to reduce mass transfer limitation, thereby further increasing the 

performance for WAO process. 

(2) The bubble characteristics were significantly influenced by superficial gas velocity and the 

type of the liquid phase, while not considerably affected by superficial liquid velocity, temperature, 

pressure and the type of gas phase. Two correlations for bubble mean diameter and gas holdup were 

proposed, which could be used for the prediction of the mass transfer for WAO process and 

recommended to scale-up WAO system.  

(3) Complete glyphosate removal and 54% of TOC reduction were obtained at 523 K after 60 

min by WAO process in a batch reactor. Glyphosate oxidation reactions obey a first-order kinetics 

with respect to glyphosate concentration. The activation energy is 68.44 kJ.mol-1. Moreover, a 

possible degradation pathway of glyphosate via WAO was proposed. 

(4) The performance of glyphosate degradation performance in microfluidic device increases 

with the increase of temperature and of residence time. Almost complete glyphosate degradation, 

74.14% and 84.15% of TOC and COD reduction, respectively, have been obtained at 523 K with a 

residence time of 90 min. 

(5) The acclimated process promotes the glyphosate biodegadation by activated sludge. The 

acclimated activated sludge could uitilize glyphosate as sole carbon source. Complete glyphosate 

removal and 57.8% TOC reduction has been achieved by acclimated sluge with an initial glyphosate 

concentration of 1000 mg.L-1. A possible biodegadation of glyphosate was also proposed. 

(6) The integrated WAO-biological treatment is a feasible technology for the treatment of 

glyphosate-containing wastewater. Complete glyphosate removal, 59,43 and 56,72%  of TOC and 

COD reduction, respectively, were obtained by the combined process at 523 K of WAO process with 

a reaction time of 30 min and with a residence time of 24 h for acclimated activated sludge. A possible 

degradation pathway of glyphosate by the combined process was proposed.  
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7.2 Perspectives 

The present work contributes to the advances in the fundamental knowledge of the treatment of 

glyphosate-containing wastewater by the integrated WAO-biological process. Although extensive 

experiments have been performed on each stage and the combined process, there are still many tasks 

in this field which are needed to be further studied. Moreover, the present study only represents a first 

attempt at the application of microfluidic device for WAO process. There is still much work which 

can and should be carried out. Thus, in the near future, in order to continue this study of the combined 

process and microfluidic device, we recommend as follows: 

(1) Regarding the approach of the coupling process for glyphosate degradation, several elements 

can be improved from the experimental point. Thus, it will be interesting to integrate more parameters 

in the study of WAO process, such as pressure, pH and glyphosate initial concentration. Likewise, it 

is possible to optimize certain parameters of the activated-sludge system before the coupling, such as 

organic load, pH, temperature and the type of reactor (stirred reactor, packed-bed reactor, etc). Finally, 

a more clearly identification of the compositions of intermediate effluent at each stage should be 

tested. 

(2) The kinetic model of WAO process can be improved with taking the kinetics of the oxidation 

of main intermediates into account. 

 (3) This combined process shows good potential for the treatment of the pure glyphosate 

synthetic wastewater. However, the composition of actual glyphosate wastewater is more 

complicated. For example, glyphosate production wastewater contains some organic compounds, 

such as iminodiacetic acid salt, chloroacetic acid, triacetic acid amine, etc., with high COD 

concentration and poor biodegradability. Thus, it is necessary to study the performance of this method 

for the real glyphosate wastewater in order to determine if it can be used in practice. 

(4) The microfluidic device showed interesting results for glyphosate degradation. However 

more experiments should be conducted to investigate the influences of the size, section and length of 

microchannel, operating parameters, etc. on the oxidation. Moreover, more oxidation of other 

emerging contaminants in microchannel reactor should been investigated in order to enrich the 

microreaction technology.    

5 Process simulation is a useful method to verify the possibility of the combined process for 

practical application. Therefore, it is interesting to use computer software, such as ProSimPlus, to 

numerically study glyphosate oxidation via the integrated WAO-biological method aiming to confirm 

the possibility of the scale-up of this method. 
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Treatment technologies and degradation pathways of glyphosate: A 

critical review 

This review has been submitted to “Water Research” by 18 July, 2019. 

 

Abstract 

Glyphosate, a most widely used post-emergence broad-spectrum herbicide, could accumulate and 

transfer in the environment and cause adverse effects to plants, animals, microorganisms, and humans. 

Glyphosate has been frequently found in the surface water, groundwater and industrial effluents. This 

review considers the occurrence and fate of glyphosate in the environment as well as its treatment 

technologies from urban and industrial wastewaters, with associated degradation pathways. Current 

research into removal focuses on physical, biological and advanced oxidation processes (AOPs). 

Advantages and disadvantages of these technologies are discussed, which will require continual 

research effort to improve their performance. Furthermore, more research is needed to scale up the 

laboratory studies to an industrial scale and to know the precise degradation pathways of glyphosate 

by different treatment methods. 

Keywords: Glyphosate; fate; treatment technology; wastewater; degradation pathways 

1 Introduction 

Wastewater treatment (WWT) is a severe worldwide problem. Liquid aqueous wastes, from the 

domestic or industrial origin, are becoming more and more complex for their treatment, due to the 

presence of many molecules difficult to remove, especially the case of emerging contaminants. They 

are defined as natural or synthetic chemicals which are not commonly found in the environment but 

are known or suspected to ecological or human health effects (Geissen et al., 2015). Emerging 

contaminants include many types of molecules such as pesticides and herbicides, pharmaceuticals, 

personal care products, plasticizers, fragrances, flame retardants, hormones, nanoparticles, water 

treatment by-products, surfactants, and so on (Sauvé and Desrosiers, 2014). Among these emerging 

contaminants, glyphosate has attracted more and more attention from researchers. 

 

Fig. 1 The structure of glyphosate 



Annexes 

 

182 
 

Glyphosate (N-(phosphonomethyl)glycine, C3H8NO5P, Fig. 1, Table 1) is a post-emergence, 

nonselective broad-spectrum herbicide, used in agriculture to control many annual and perennial 

weeds (Waiman et al., 2012). Glyphosate is the herbicide most extensively used in agricultural, 

forestry and urban setting in the world, due to its high ability to control weeds and its low toxicity (da 

Silva et al., 2011; Zhang et al., 2011). Glyphosate is a biosynthesis inhibitor of essential aromatic 

amino acids, resulting in various metabolic disorders, which include the deregulation of the shikimate 

pathway and the suspension of protein synthesis, leading to general metabolic disruption and the plant 

death (Oliveira et al., 2012). Glyphosate interrupts aromatic amino acid biosynthesis in plants through 

inhibiting the enzymes 5-enolpyruvylshikimate-3-phosphate synthase or 3-deoxy-D-arabino-

heptulosonate-7-phosphate synthase, which is a precursor for aromatic amino acids, ultimately 

hormones, vitamins and other important metabolites for plants (Kataoka et al., 1996). The mechanism 

of inhibition effect which has been reported is that the binding site for glyphosate overlaps closely 

with the binding site of shikimate 3-phosphate (Helander et al., 2012).  

Table 1 Chemical and physical properties of glyphosate (Mackay et al., 2006) 

Properties Values Units 
Molecular weight 169.07 g.mol-1 
Physical state White solid - 
Odor Odorless - 
Density 1.704 g.cm-3 
pKa 0.78 (first proton phosphonate group) 

2.29 (proton of the carboxyl group) 
5.96 (second phosphonate proton) 
10.98 (proton of the amino group) 

- 

Melting point 184.5 ℃ 
Boiling point 187 ℃ 
Solubility (20℃) 1.01 g glyphosate/100 mL H2O 

 

   

Fig. 2 Glyphosate use worldwide from 1994 to 2015 (in million kilograms) and its application by regions in 
2014 (fromμ “Glyphosate Market Share, Size - Industry Trends Report 2024,” n.d., “Glyphosate use 

worldwide 1994-2014 | Statistic,” n.d.; “Glyphosate Market Analysis, Size, Share and Forecasts - 2022 | 
MarketsandMarkets,” n.d.) 
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Glyphosate is available in various chemical forms, such as ammonium salt, diammonium salt, 

isopropylamine salt, dimethylammonium salt, and potassium salt (Benbrook, 2016; Gillezeau et al., 

2019). Glyphosate mixed with other chemicals known as “inert ingredients” constitutes glyphosate-

based herbicides (Benbrook, 2016; Gillezeau et al., 2019). Fig. 2 shows the glyphosate use worldwide 

from 1994 to 2015 and its application by regions in 2014 (available fromμ “Glyphosate Market Share, 

Size - Industry Trends Report 2024,” n.d., “Glyphosate use worldwide 1λλ4-2014 | Statistic,” n.d.; 

“Glyphosate Market Analysis, Size, Share and Forecasts - 2022 | MarketsandMarkets,” n.d.). 

Generally, glyphosate-based herbicides are used in the preparation of soils for sowing and in crop 

areas with its sprayed applications from 6.7 to 8.9 kg.ha-1 and from 0.53 to 1.0 kg.ha-1, respectively 

(Giesy et al., 2000; Benbrook, 2016; Villamar-Ayala et al., 2019). These herbicides are also used to 

control annual perennial species (agriculture), invasive vegetation (forestry), and aquatic algae 

(aquaculture) during the post-harvest activities with the applications up to 0.84 kg.ha-1 of its acid 

equivalent (active ingredient) (Giesy et al., 2000; Duke and Powles, 2008; Villamar-Ayala et al., 

2019). 

Due to the intensive use and accumulation of glyphosate in the environment, some harmful 

effects of glyphosate have been reported for plant, animal and human health. Glyphosate weakened 

plant system, decreased photosynthesis and caused cell damage (Huber et al., 2005; Gomes et al., 

2016; Van Bruggen et al., 2018). Authors reported that glyphosate suppressed the 

acetylcholinesterase activity, disturbed the metabolism and may cause DNA or liver damage both for 

terrestrial and aquatic animals (Menéndez-Helman et al., 2012; Sandrini et al., 2013; Kwiatkowska 

et al., 2014, 2017; Mesnage et al., 2015; Cattani et al., 2017). Although humans are not a direct target 

for glyphosate, they could contact glyphosate due to occupational exposure by agricultural practices 

(Acquavella et al., 2004; Paz-y-Miño et al., 2007) or through the food chain (Wigfield and Lanouette, 

1990; McQueen et al., 2012). Glyphosate has been reported to cause cell and DNA damage and 

endocrine disruption to humans (Richard et al., 2005; Paz-y-Miño et al., 2007; Benachour and Séralini, 

2009; Mesnage et al., 2015). In 2015, the International Agency for Research on Cancer (IARC) 

classified glyphosate as “probably carcinogenic to humans”, while authors disagree on this conclusion 

which require further research (Andreotti et al., 2018). Numerous studies and reviews have been 

reported on the adverse effects of glyphosate and glyphosate-based formulations on plants, animals 

and human (Tsui and Chu, 2003; Vendrell et al., 2009; Vera et al., 2010; Kier and Kirkland, 2013; 

Tarazona et al., 2017). Acute toxicity tests show that the 96-hour LD50 of glyphosate ranged from 2.3 

to 150 mg.L-1 for different fish species (Armiliato et al., 2014; Sandun et al., 2015; Rodrigues et al., 

2017; Vajargah et al., 2018). 
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Furthermore, due to the extensive use of glyphosate, glyphosate has been frequently detected in 

the aqueous environment (Humphries et al., 2005; Battaglin et al., 2009; Villeneuve et al., 2011; 

Aparicio et al., 2013; Mahler et al., 2017; Poiger et al., 2017). Saunders and Pezeshki (2015) reviewed 

the occurrence of glyphosate in runoff waters and in the root-zone.  

Several review papers have been published with regard to the treatment technologies for 

glyphosate (Jönsson et al., 2013; Sviridov et al., 2015; Villamar-Ayala et al., 2019). Jönsson et al. 

(2013) and Villamar-Ayala et al. (2019) both reviewed the treatment of glyphosate through using 

physical treatment processes, biological treatment and advanced oxidation processes (AOPs) and 

briefly compared their advantages and disadvantages. Sviridov et al. (2015) focused on metabolic 

pathways of glyphosate in microorganisms. However, almost no attempt has been made to provide a 

comprehensive summary of degradation pathways of glyphosate by different processes such as 

biological treatment and AOPs.  

Thus, this review will consider the occurrence, behavior, and fate of glyphosate in aqueous 

environment and provide a comparative assessment of current treatment methods used to remove 

glyphosate. Some development will focus on the improvement of these techniques and novel removal 

attempts to treat glyphosate in wastewater treatment. In addition, this article also provides an 

assessment of degradation pathways of glyphosate by biological treatment or different AOPs based 

on reaction mechanisms.  

2 Occurrence, behavior, and fate of glyphosate in environment 

Glyphosate-containing herbicides may contaminate the environment after application. First, 

through air spraying, glyphosate can directly enter atmosphere environment, with its concentration in 

air up to 0.48 g.L-1 (Helander et al., 2012; Villamar-Ayala et al., 2019). Then, through wind or rain, 

glyphosate reaches the target organisms by foliar contact or the soil (Villamar-Ayala et al., 2019). In 

the target plant, glyphosate is first absorbed by foliage and then translocated to the shoots and roots 

via the phloem (Helander et al., 2012). Without degradation in the plant, large root systems of some 

weeds transport glyphosate into deep soil layers (Laitinen et al., 2007; Helander et al., 2012). A part 

of glyphosate which enters the soil through rain, wind or transportation by root of the plant may stay 

at the soil surface. Glyphosate can be adsorbed to organic matter and clay of soils, resulting in its 

accumulation in soils over time (Cassigneul et al., 2016; Okada et al., 2016; Sidoli et al., 2016; Van 

Bruggen et al., 2018). As glyphosate possesses three polar functional groups (amino, carboxyl and 

phosphonate groups), it can be strongly adsorbed by soil minerals (Borggaard and Gimsing, 2008). 

Glyphosate mobility in the soil depends on the adsorption and desorption processes which related to 

soil characteristics and other environmental conditions (Helander et al., 2012; Villamar-Ayala et al., 
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2019). Microbial degradation is the most important transformation process to determine the 

persistence of glyphosate in the soil (Aparicio et al., 2013). Glyphosate can be degraded to 

aminomethylphosphonic acid (AMPA) or sarcosine as primary metabolite under aerobic and 

anaerobic conditions by the microflora in the soil/sediment (Ermakova et al., 2010; Aparicio et al., 

2013). The AMPA pathway is the main microbial process, whereas the sarcosine pathway is only 

found in pure microbial culture (Vereecken, 2005; Villamar-Ayala et al., 2019). Glyphosate has been 

reported to have a soil half-life between 2 and 215 days (Battaglin et al., 2014; Maqueda et al., 2017). 

Due to the runoff, such as rain and erosion, glyphosate and AMPA can be transferred into surface 

water (Wang et al., 2016; Maqueda et al., 2017; Rendon-von Osten and Dzul-Caamal, 2017).  

Table 2 Glyphosate occurrence and concentration in surface or groundwater samples in several countries in 
North America, South America, and Europe (Van Bruggen et al., 2018) 

Country Date Glyphosate occurrence and concentrations Refer. 

Canada 2002 22% of samples positive, up to 6.07 g.L-1 (Humphries et al., 2005) 

US (Midwest) 2002 36% of stream samples positive, up to 8.7 g.L-1 (Battaglin et al., 2005) 

US (Midwest) 2013 44% of steam samples positive, up to 27.8 g.L-1 (Mahler et al., 2017) 

US (Washington, Maryland, 

Iowa, Wyoming) 

2005-2006 All streams positive, up to 328 g.L-1 (Battaglin et al., 2009) 

US (Iowa, Indiana, Mississippi) 2004-2008 Most rivers positive, up to 430 g.L-1 after a storm (Coupe et al., 2012) 

Mexico 2015 All groundwater samples positive, up to 1.42 g.L-1 (Rendon-von Osten and 

Dzul-Caamal, 2017) 

Argentina 2012 35% of surface water samples positive, 0.1-7.6 g.L-1 (Aparicio et al., 2013) 

Germany 1998 Few positive samples in two tributaries to the Ruhr 

river, up to 0.5λ g.L-1 

(Skark et al., 1998) 

Switzerland 2016 Most stream water samples, up to 2.1 g.L-1 (Poiger et al., 2017) 

Spain 2007-2010 41% positive groundwater samples, up to 2.5 g.L-1 (Sanchís et al., 2012) 

Hungary 2010-2011 Most river and groundwater samples positive, up to 

0.001 g.L-1 

(Mörtl et al., 2013) 

Denmark 1999-2009 25% of surface water samples positive, up to 31 g.L-

1, 4% of groundwater samples positive, up to 0.67 

g.L-1 

(Rosenbom, 2010) 

France 2003-2004 91% of stream samples positive, up to 165 g.L-1 (Villeneuve et al., 2011) 

 

Glyphosate is highly water soluble and can be mobile in aqueous environment (Veiga et al., 

2001). The mobility of AMPA is found 1.6 to 4.0 times higher than glyphosate (Coupe et al., 2012; 

Villamar-Ayala et al., 2019). Thus, glyphosate and AMPA have been frequently detected in surface 

or groundwater (Table 2). Table 2 shows that glyphosate has been detected in river water and stream 

water with the concentration range of 2-430 g.L-1 in the USA, which is at higher levels than in 

Europe. In areas of the USA, genetically modified glyphosate-resistant crops are grown, thus 

glyphosate and AMPA occur widely in soil, surface, and groundwater (Battaglin et al., 2014). 

However, in Europe, growing genetically modified crops is not allowed yet, which makes glyphosate 
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to be detected in various water sources at lower levels (Van Bruggen et al., 2018). It is also reported 

that glyphosate can be detected in air and rain during the crop growing season and in water from 

spring snowmelt (Battaglin et al., 2009, 2014; Chang et al., 2011). Ultimately, glyphosate enters to 

the seawater with high persistence (Mercurio et al., 2014; Van Bruggen et al., 2018). 

Moreover, Birch et al. (2011) reported that glyphosate and AMPA were found in samples of 

sewage and storm water overflows with the concentration of 0.043-1.3 g.L-1 and 0.06-1.3 g.L-1, 

respectively. Rendon-von Osten and Dzul-Caamal (2017) found that even in the bottled drinking 

water, glyphosate concentration could achieve up to 0.7λ g.L-1 which exceeded the acceptable limits 

for human consumption in the European Union (0.1 g.L-1) (“Emerging substances | NORMAN,” 

n.d.). Currently, glyphosate has been in the list of the U.S. national primary drinking water 

contaminants with a maximum contaminant level goal of 0.7 mg.L-1 (Songa et al., 2009). 

Table 3 Glyphosate concentration in industrial wastewater 

Refer. Sampling point 
Glyphosate 
concentration 

(Heitkamp et al., 
1992) 

Glyphosate production wastewater 500-2000 mg.L-1 

(Manassero et al., 
2010) 

Rinsing herbicide containers 50.7-76.05 mg.L-1 

(Zhang et al., 2011) 
Zhejiang Wynca Chemical Industry Group Co., Ltd. 
(China) 

258 mg.L-1 

(Zhou et al., 2014) Xinan Chemical Plant (Zhejiang, Chian) 1% wt 

(Xing et al., 2017) 
Jiangsu Good Harvest-Weien agrochemical Ind. Co. 
Ltd.; Jiema Chemical Ind. Co.  Ltd.; Guangan Ind. Co. 
Ltd. (China) 

213-2560 mg.L-1 

 

Glyphosate contaminants the environment from various sources: agricultural runoff, chemical 

spill as well as industrial effluents (Baylis, 2000; Romero et al., 2011; Guo et al., 2018). Three major 

industrial synthesis methods were used for glyphosate production: hydrocyanic acid (HCN), 

diethanolamine (DEA) and glycine process. All of these processes have a large amount of industrial 

wastewater and other environmental pollutions (Zhou et al., 2012). To obtain 1 ton of glyphosate, 

about 5-6 tons of crystallized mother liquid is generated with ~ 1% glyphosate, 1-4% formaldehyde 

(CH2O) and other byproducts (Xing et al., 2018). Most of glyphosate is recovered from the mother 

liquor through nanofiltration (Song et al., 2013), while 200-3000 mg.L-1 glyphosate remains in the 

nanofiltration permeate wastewater in China (Xing et al., 2018). It has also reported that the 

glyphosate concentration in industrial effluents could achieve up to 2,560 mg.L-1 (Table 3). Therefore, 

it is necessary to develop some processes able to degrade glyphosate during the wastewater treatment, 

in urban and industrial systems. 
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3 Treatment technologies for glyphosate-containing wastewater 

Conventional methods, such as adsorption, filtration, and biological treatment have been applied 

to treat glyphosate-containing wastewater. Moreover, advanced oxidation processes (AOPs), such as 

photolysis oxidation, Fenton oxidation, electrochemical oxidation, and ozonation oxidation, have 

been proposed as an alternative treatment technology for glyphosate-containing wastewater 

(Villamar-Ayala et al., 2019). All these treatment technologies are described in detail below. 

3.1 Adsorption 

Table 4 Removal of glyphosate from wastewater by adsorption 

Refer. Adsorbent 
Glyphosate concentration 

(mg.L-1) 
Marks 

(Villa et al., 1999) Hydrotalcites and organo-
hydrotalcites 

5-25 Adsorption capacity: 1-4 g.g-1 

(Li et al., 2005) MgAl-layered double 
hydroxides 

169 Maximum adsorption capacity: 184 mg.L-1 

(Nourouzi et al., 
2010) 

Activated carbon 5-100  Maximum adsorption capacity: 48.4 mg.g-1   

(Hu et al., 2011) Dewatered alum sludge 
(DAS) and liquid alum 
sludge (LAS) 

50-100 for DAS; 
200-500 for LAS 

Removal efficiency: 65.4%-91.6% For DAS; 
64.7%-97.4% for LAS 
Maximum adsorption capacity: 85.9 mg.g-1 for 
DAS; 113.6 mg.g-1 for LAS 

(Salman et al., 
2012) 

Palm oil fronds activated 
carbon 

25-250  Maximum adsorption capacity: 104.2 mg.g-1 

(Chen et al., 2016) Resin D301 1% mass fraction Maximum adsorption capacity: 400-833.33 mg.g-

1  
(Herath et al., 2016) Rice husk derived 

engineered biochar 
0-100  Maximum removal: 82.0%; maximum adsorption 

capacity: 123.03 mg.g-1 
(Mayakaduwa et 
al., 2016) 

Woody biochar 20  Maximum adsorption capacity: 44 mg.g-1 

(Jia et al., 2017) Resin-supported double 
valent nano-sized 
hydroxyl iron oxide 

400  Maximum adsorption capacity: 401.12 mg.g-1 

(Rissouli et al., 
2017) 

Chitin and chitosan 1-30  Maximum adsorption capacity: 14.04 mg.g-1 for 
chitin and 35.08 mg.g-1 for chitosan 

(Sarkar and Das, 
2017) 

PVP capped silver 
nanocubes 

100   No data for glyphosate removal efficiency 

 

Currently, adsorption is widely used in large-scale biochemical and purification for wastewater 

treatment due to simple design, non-toxic and low-cost adsorbents and high efficiency (Mayakaduwa 

et al., 2016). Several materials have been used as adsorbents for glyphosate adsorptive removal, such 

as activated carbon, biochar, water industrial residues, clay substances, resin, biopolymers, 

polyvinylpyrrolidone (PVP) capped silver nanocubes, etc. Table 4 shows that activated carbon, 

biochar or resin used as adsorbents could achieve higher removal efficiency and higher maximum 

adsorption capacity of glyphosate. Recently, biochar, an eco-friendly material, has drawn more 

attention because of its low cost and highly aromatic and porous structure, which contributes to high 

removal efficiency of biochar (Zhang et al., 2013). However, with this process, disposal of the residue 

after adsorption remains a problem which needs further research (Mayakaduwa et al., 2016). 
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3.2 Filtration 

Bank filtration process can achieve up to 95% and 87% of glyphosate and AMPA removal 

efficiency, respectively (Jönsson et al., 2013). Xie et al. (2010) reported that a high glyphosate 

removal of 95.5% was obtained by nanofiltration using a Desal-5 DK membrane from neutralization 

liquor produced by the glycine-dimethylphosphit process. Schoonenberg Kegel et al. (2010) obtained 

a glyphosate removal efficiency higher than 99% by a technology equipped with reverse osmosis and 

subsequently activated carbon filtration. Saitúa et al. (2012) observed that more than 85% of 

glyphosate could be removed by nanofiltration for the initial glyphosate concentration up to 250 

mg.L-1, depending on pressure and pH value. Liu et al. (2012) reported that nanofiltration separation 

of glyphosate from wastewater using a GE Osmonic DK membrane could achieve a high glyphosate 

removal efficiency. Thus, although glyphosate-containing wastewater can be effectively treated by 

filtration, it is likely highly dependent on physicochemical conditions. Large scale production of 

water by these methods is expensive, which is unable to commonly used in practice and unlikely to 

be adopted for the treatment of organic compounds (Jönsson et al., 2013). 

3.3 Biological treatment 

Biodegradation of organic compounds is known as an effective and eco-friendly method to 

remove organic pollutants from the aqueous environment (Zhan et al., 2018). Various micro-organism, 

including bacteria and fungi, have been reported to use glyphosate as a sole source of carbon, nitrogen, 

and phosphorus. Table 5 shows that the microorganisms responsible for glyphosate biodegradation 

are mainly bacteria, only little fungi strains have been reported to degrade glyphosate. Among these 

microorganisms, most species utilize glyphosate as sole phosphorus source. Some exceptions use 

glyphosate as nitrogen or carbon source.  

To assess the glyphosate-degradation performance of microorganisms, it is necessary to 

optimize the culture conditions, including culture temperature, initial pH, glyphosate concentration, 

inoculation biomass and incubation time (Zhan et al., 2018). The culture conditions most used for 

glyphosate-degrading microorganism are a temperature of 25-37℃, pH of 6-7.5 and aerobic medium. 

Only Obojska et al. (2002) observed a thermophilic bacteria, Geobacillus caldoxylosilyticus T20, 

which could achieve more than 65% of glyphosate removal at 60℃ with initial glyphosate 

concentration of 169 mg.L-1. Kryuchkova et al. (2014) found a facultative anaerobic strain, 

Enterobacter cloacae K7, which could utilize glyphosate as sole phosphorus source and obtain 40% 

degradation with glyphosate initial concentration of 845 mg.L-1. 
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Table 5 Glyphosate-degrading microorganisms reported in the literature 

Microorganism Source 
Source type for 
glyphosate used 

Culture conditions 
Type of 

degradation 
pathway 

Comments References 

Bacteria 

Acetobacter sp. 
Glyphosate-contaminated 
rice field 

Carbon or 
phosphorus source 

30℃; aerobic Not shown 
Bacteria could tolerate up to 250 
mg.ml-1 glyphosate 

(Moneke et al., 2010) 

Achromobacter sp. 
Kg 16 

Glyphosate-contaminated 
soil 

Sole phosphorus 
source 

28-30℃; pHμ 6.0-7.5; 
aerobic 

Acetylgyphosate 
pathway 

A new pathway of glyphosate 
utilization: acetylation 

(Shushkova et al., 
2016) 

Achromobacter sp. 
LW9 

Activated sludge from 
glyphosate process waste 
stream 

Sole carbon source 28℃; pHμ 7; aerobic AMPA pathway 
100% glyphosate (0.1%, w/v) 
transformation to AMPA 

(McAuliffe et al., 1990) 

Achromobacter sp. 
MPK 7A 

Glyphosate-contaminated 
soil 

Sole phosphorus 
source 

28-30℃; pHμ 7; 
aerobic 

Sarcosine 
pathway 

About 60% glyphosate (500 
mg.L-1) removal 

(Ermakova et al., 2017) 

Achromobacter sp. 
MPS 12A 

Alkylphosphonates-
contaminated soil 

Sole phosphorus 
source 

28℃; pHμ 6.5-7.5; 
aerobic  

Sarcosine 
pathway 

Glyphosate consumption: 124 
mol g-1 biomass 

(Sviridov et al., 2012) 

Agrobacterium 

radiobacter 

Sludge from waste 
treatment plant 

Sole phosphorus 
source 

30℃; pHμ7; aerobic 
Sarcosine 
pathway 

No data for glyphosate removal 
efficiency 

(Wackett et al., 1987) 

Alcaligenes sp. GL 
Non-axenic cultures of the 
cyanobacterium Anacystis 

nidulans 

Sole phosphorus 
source 

28℃; pHμ7.5; aerobic 
Sarcosine 
pathway 

50-80% glyphosate (5 mM) 
removal 

(Lerbs et al., 1990) 

Arthrobacter 

atrocyaneus ATCC 
13752 

Collection of 
microorganisms and cell 
cultures, Germany 

Sole phosphorus 
source 

Room temperature; 
pH: 7.2; aerobic 

AMPA pathway 
Capable of degrading 
glyphosate without previous 
culture selection 

(Pipke and Amrhein, 
1988) 

Arthrobacter sp. 
GLP-1 

Mixture culture with 
Klebsiella pneumoniae 

Sole phosphorus 
source 

Room temperature; 
pH: 7; aerobic 

Sarcosine 
pathway 

Capable of degrading 
glyphosate without previous 
culture selection 

(Pipke et al., 1987) 

Bacillus cereus 

CB4 
Glyphosate-contaminated 
soil 

Sole phosphorus 
source 

35℃; pHμ 6; aerobic 
Both AMPA and 
sarcosine 
pathway 

94.47% degradation (6 g.L-1) in 
5 days 

(Fan et al., 2012) 

Bacillus cereus 6 P 
Glyphosate-exposed 
orange plantation site 

Sole phosphorus 
source 

28℃; pHμ 7; aerobic Not shown 
37.7% glyphosate (1 mM) 
removal 

(Acosta-Cortés et al., 
2019) 

Bacillus subtilis 
Bs-15 

Rhizospheric soil of a 
pepper plant 

Carbon and 
phosphorus source 

35℃; pHμ 8; aerobic Not shown 65% glyphosate removal (Yu et al., 2015) 

Burkholderia 

vietnamiensis 

AO5-12 and 
Burkholderia sp. 
AO5-13 

Glyphosate contaminated 
sites in Malaysia 

Sole phosphorus 
source 

30℃; pHμ 6; aerobic Not shown 
91% and 74% glyphosate (50 
mg.L-1) degradation for AQ5-12 
and AQ5-13, respectively 

(Manogaran et al., 
2017) 
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Comamonas 

odontotermitis P2 
Glyphosate-contaminated 
soil in Australia 

Carbon and 
phosphorus source 

2λ.λ℃; pHμ 7.4; 
aerobic 

Not shown 
Complete degradation (1.5 g.L-

1) within 104 h 
(Firdous et al., 2017) 

Enterobacter 

cloacae K7 
Rhizoplane of various 
plants in Russia 

Sole phosphorus 
source 

30-37℃; pHμ 6.8-7; 
Facultative anaerobe 

Sarcosine 
pathway 

40% glyphosate (5 mM) 
degradation 

(Kryuchkova et al., 
2014) 

Flavobacterium sp. 
GD1 

Monsanto activated sludge 
Sole phosphorus 
source 

25℃; pHμ 6.8-7; 
aerobic 

AMPA pathway 
Complete degradation of 
glyphosate (0.02%) 

(Balthazor and Hallas, 
1986) 

Geobacillus 

caldoxylosilyticus 

T20 

Central heating system 
water 

Sole phosphorus 
source 

60℃; pH: 7; aerobic AMPA pathway 
>65% glyphosate (1 mM) 
removal 

(Obojska et al., 2002) 

Ochrobacterium 

anthropic GPK3 
Glyphosate-contaminated 
soil 

Sole phosphorus 
source 

28℃; pHμ 6.5-7.5; 
aerobic 

Both AMPA and 
sarcosine 
pathway 

Glyphosate consumption: 283.8 
mol g-1 biomass 

(Sviridov et al., 2012) 

Ochrobactrum 

intermedium Sq20 
Glyphosate-contaminated 
soil 

Sole carbon source 
Room temperature; 
pH 7; aerobic 

Sarcosine 
pathway 

Complete degradation (500 
mg.L-1) within 4 days 

(Firdous et al., 2018) 

Ochrobactrum sp. 
GDOS 

Soil 
Sole phosphorus 
source 

30℃; pHμ 7; aerobic AMPA pathway 
Complete degradation (3 mM) 
within 60 h 

(Hadi et al., 2013) 

P.fluorescens 
Glyphosate-contaminated 
rice field 

Carbon or 
phosphorus source 

30℃; aerobic Not shown 
Bacteria could tolerate up to 250 
mg/ml glyphosate 

(Moneke et al., 2010) 

Pseudomonas 

pseudomallei 22 
Soil 

Sole phosphorus 
source 

28℃; aerobic 
AMPA pathway 
(putative) 

50% glyphosate (170 mg.L-1) 
degradation in 40 h 

(Peñaloza-Vazquez et 
al., 1995) 

Pseudomonas sp. 
4ASW 

Glyphosate-contaminated 
soil 

Sole phosphorus 
source 

2λ℃; pHμ 7.2; aerobic 
Sarcosine 
pathway 

100% glyphosate (0.25 mM) 
removal 

(Dick and Quinn, 1995) 

Pseudomonas sp. 
GLC11 

Mutant of Pseudomonas 
sp. PAO1 on selective 
medium 

Sole phosphorus 
source 

37℃; pHμ 7; aerobic 
Sarcosine 
pathway 

Capable of tolerating up to 125 
mM glyphosate 

(Selvapandiyan and 
Bhatnagar, 1994) 

Pseudomonas sp. 
LBr 

A glyphosate process 
waste stream 

Sole phosphorus 
source 

Room temperature; 
pH: 7; aerobic 

Both AMPA and 
sarcosine 
pathway 

Capable of eliminating 20 mM 
glyphosate from growth 
medium 

(Jacob, 1988) 

Pseudomonas sp. 
PG2982 

Pseudomonas aeruginosa-
ATCC 9027 

Sole phosphorus 
source 

Room temperature; 
aerobic 

Sarcosine 
pathway 

No data for glyphosate removal 
efficiency 

(Kishore and Jacob, 
1987) 

Pseudomonas spp. 
strains GA07, 
GA09 and GC04 

Glyphosate-contaminated 
soil in China  

Sole carbon source 33℃; pHμ 7; aerobic 
Both AMPA and 
sarcosine 
pathways 

Glyphosate (500 mg.L-1)  
removal: 53.6%-80.8% 

(Zhao et al., 2015) 

Rhizobiaeae 

meliloti 1021 
Spontaneous mutation of a 
wild-type strain 

Sole phosphorus 
source 

28-32℃; pHμ 7; 
aerobic 

Sarcosine 
pathway 

50% glyphosate (0.5 mM) 
removal 

(Liu et al., 1991) 

Salinicoccus spp. 
Qom Hoze-Soltan Lake in 
Iran 

Sole carbon source 
Salt concentration: 
5%-10%; 30℃; pHμ 
6.5-8.2; aerobic 

Not shown 
The native halophilic isolates 
could biodegrade glyphosate 

(Sharifi et al., 2015) 

Streptomycete sp. 
StC 

Activated sludge from a 
municipal sewage 
treatment plant 

Sole phosphorus, 
nitrogen or nitrogen 

28℃; pHμ 7.2; aerobic 
Sarcosine 
pathway 

60% degradation (10 mM) 
within 10 days 

(Obojska et al., 1999) 



Annexes 

 

191 
 

and phosphorus 
source 

Fungi 

Aspergillus niger Soil 
Sole phosphorus 
source 

28℃; pHμ 6; aerobic AMPA pathway No data for removal efficiency 
(Krzyśko-Lupicka et 
al., 1997) 

Aspergillus oryzae 

sp. A-F02 

Sludge in an aeration tank 
of a glyphosate 
manufacture 

Sole carbon source 30℃; pHμ 7.5; aerobic Not shown 
86.82% degradation (1000 
mg.L-1) within 7 days 

(Wu et al., 2010) 

Fusarium 
oxysporum  

Sugar cane 
Sole phosphorus 
source 

30℃; pHμ 6; aerobic Not shown 
41% glyphosate (50 mg.L-1) 
removal 

(Castro et al., 2007) 

Penicillium 

chrysogenum 
Soil Sole nitrogen source 

Dark at 28 (±1) ℃; 
pH:7.0; aerobic 

AMPA pathway 
(putatively) 

40% degradation (5 mM) after 
15 days 

(Klimek et al., 2001) 

Penicillum 

notanum 

Spontaneous growth on 
hydroxyfluorenyl-9-
phosphate 

Sole phosphorus 
source 

28℃; pHμ 7.2; aerobic AMPA pathway 
Capable to degrade glyphosate 
at sublethal doses (<0.5 mM) 

(Bujacz et al., 1995) 

Scopulariopsis sp. Soil 
Sole phosphorus 
source 

28℃; pHμ 6; aerobic AMPA pathway No data for removal efficiency 
(Krzyśko-Lupicka et 
al., 1997) 

Trichoderma 

harzianum 
Soil 

Sole phosphorus 
source 

28℃; pHμ 6; aerobic AMPA pathway No data for removal efficiency 
(Krzyśko-Lupicka et 
al., 1997) 

 

Table 6 Summary of glyphosate biodegradation kinetics reported in the literature 

Reference Strain 
Concentration 
range (mg.L-1) 

Monod model Haldane model First-order model 
µm (h-1) Ks (mg.L-1) µm (h-1) Ks (mg.L-1) Ki / Ks (mg.L-1) k (h-1) t1/2 (h)  

(Nourouzi et al., 
2012) 

Mixed culture 
isolated from soil 

100-800 0.18-0.87 33-181 0.05-0.7  1.1-8 - - 

(Zhao et al., 2015) Pseudomonas 

spp. GA07, GA09 
and GC04 

500 - - - - - 0.0018-
0.0039 

178.3-
385.7 

(Firdous et al., 
2018) 

Ochrobactrum 

intermedium 
Sq20 

500 - - - - - 0.0464 14.9  

(Tazdaït et al., 
2018) 

Unacclimated 
activated sludge 

100-5000 - - 0.06 340 1.21 - - 

(Acosta-Cortés et 
al., 2019) 

Bacillus cereus 6 
P 

169 - - - - - 0.003 279 
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Two major degradation pathways exist in glyphosate-degrading microorganisms (Fig. 3). One 

pathway is glyphosate converted to stoichiometric quantities of AMPA and glyoxylate through the 

cleavage of C-N bond by the enzyme glyphosate oxidoreductase (Zhan et al., 2018). Glyoxylate 

usually enters the tricarboxylic acid cycle as a convenient energy substrate for most glyphosate-

degrading bacteria (Sviridov et al., 2015). Three pathways exist for AMPA: (i) AMPA releases to the 

environment (Jacob, 1988; Lerbs et al., 1990); (ii) AMPA is further metabolized to methylamine and 

phosphate, catalyzed by C-P lyase (Pipke et al., 1987; Jacob, 1988; Pipke and Amrhein, 1988); (iii) 

AMPA is first metabolized to phosphonoformaldehyde by transaminase and then transformed to 

phosphate and formaldehyde for further metabolism by phosphonatase (Sviridov et al., 2014). 

The second degradation pathway is glyphosate metabolized to phosphate and sarcosine through 

the direct cleavage of the C-P bond, catalyzed by C-P lyase (Firdous et al., 2017). Sarcosine can be 

used as growth nutrient (carbon and nitrogen source) for microorganism and is further metabolized 

to glycine and formaldehyde by sarcosine-oxidase (Borggaard and Gimsing, 2008). Glycine is further 

metabolized by microorganism and formaldehyde enters the tetrahydrofolate-directed pathway of 

single-carbon transfers to generate CO2 and NH4
+ (Borggaard and Gimsing, 2008). Some reports 

indicate that AMPA and sarcosine pathways simultaneously exist in some bacteria, such as Bacillus 

cereus CB4, Ochrobacterium anthropic GPK3, and Pseudomonas sp. LBr (Jacob, 1988; Fan et al., 

2012; Sviridov et al., 2012). The AMPA pathways is not generally subjected to Pi (inorganic 

phosphorus) concentration, however, glyphosate conversion to sarcosine strongly depends on the 

concentrations of exogenous and endogenous Pi, which rarely occurs in natural environments 

(Sviridov et al., 2015) due to C-P lyase activity generally induced under phosphate starvation 

condition (Borggaard and Gimsing, 2008; Sviridov et al., 2015).  

 

Fig. 3 Biodegradation pathways of glyphosate in microorganisms (Zhan et al., 2018). 
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At least, another degradation pathway was observed in Achromobacter sp. Kg16 which utilized 

glyphosate as sole phosphorus source, resulting in production of acetylglyphosate (Shushkova et al., 

2016). However, Achromobacter sp. Kg16 is not able to further utilize acetylglyphosate as a 

phosphorus source, causing its poor growth. Although the glyphosate biodegradation has been 

extensively studied, the precise degradation mechanism and pathways are until not known. 

Most studies reported have focused on the glyphosate biodegradation by pure culture of bacteria. 

Little research on glyphosate biodegradation was carried on mixed culture. Hallas and Adams (1992) 

reported glyphosate removal from wastewater effluent discharged from an activated sludge process 

in lab columns and found that more than 90% of glyphosate degradation was achieved for an initial 

concentration of 50 mg.L-1. Nourouzi et al. (2010) reported that 99.5% of glyphosate (300 mg.L-1) 

was converted to AMPA and 2% of AMPA was degraded to further metabolites by mixed bacteria 

isolated from oil palm plantation soil. The mixed cultures are more likely able to completely degrade 

contaminants, compared to pure culture due to the various enzymes available in mixed culture 

(Barbeau et al., 1997; Nourouzi et al., 2012). Moreover, due to the high requirements of pure culture, 

mixed culture processes are more suitable for industrial applications.    

In order to provide practical information for bioremediation processes of the pollutants, it is 

necessary to study the microbial degradation kinetics (Nourouzi et al., 2012). Monod model is widely 

used for biodegradation kinetics in case of pure cultures, limited substrate and non-inhibitory biomass 

growth (Tanyolaç and Beyenal, 1998; de Lucas et al., 2005; Singh et al., 2008; Nourouzi et al., 2012). 

Due to the substrate inhibition to biomass growth at high substrate concentrations, Monod model has 

been further developed to include substrate inhibition, such as Haldane model (Singh et al., 2008; 

Nourouzi et al., 2012; Tazdaït et al., 2018). Moreover, a first-order model is also used to evaluate 

biodegradation process in order to obtain degradation rate constant (k) and half-life (t1/2). Table 6 

summarizes glyphosate biodegradation kinetics which has reported in the literature. Almost no 

information is reported on yield coefficient for glyphosate-degrading bacteria, which needs to be 

further study. The half-life of glyphosate in Pseudomonas spp. GA07, GA09 and GC04 (Zhao et al., 

2015) and Bacillus cereus 6 P (Acosta-Cortés et al., 2019) is varied from 178.3 to 279 h, which is 

much higher than the half-life of 14.9 h in Ochrobactrum intermedium Sq20 (Firdous et al., 2017). 

Although the biodegradation of glyphosate has been extensively studied, the information on 

glyphosate biodegradation kinetics, especially on the inhibitory effect, is still rarely studied. The 

inhibitory effect of herbicide on its own biodegradation is necessary to investigate since the 

assessment of substrate inhibition to enzymatic reactions is becoming increasingly crucial in the 

treatment of general toxic compounds, particularly for pesticides degradation (Hao et al., 2002; 

Tazdaït et al., 2018). 
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Nevertheless, biological treatment is a promising method to treat glyphosate-containing 

wastewater, most research is conducted at a lab scale and focused on the isolation and identification 

of strains. The information to apply this technology to treat glyphosate-containing wastewater at an 

industrial scale is still rare. 

3.4 Advanced oxidation processes (AOPs) 

AOPs are promising technologies, which have been widely used for the treatment of toxic, 

recalcitrant organic compounds in water (Divyapriya et al., 2016), including photolysis, ozonation, 

Fenton, electro-oxidation, wet air oxidation (WAO) and supercritical water oxidation. The 

mechanism in AOPs system is to oxidize organic contaminants to CO2, H2O and inorganic ions due 

to the generation of hydroxyl radical (·OH), hydrogen peroxide (H2O2), and superoxide (O2∙) in the 

system (Malato et al., 2002; Manassero et al., 2010). The hydroxyl radical (·OH) is a non-selective, 

strong oxidant (2.8 V oxidation potential), which can act very fast on a wide range of organic 

compounds (Mota et al., 2008; Divyapriya et al., 2016). Compared to conventional treatment, AOPs 

can non-selectively mineralize pollutants without sludge production. 

 AOPs could be an alternative technology to effectively treat glyphosate at a short time compared 

to physical (adsorption and filtration) and biological treatment. Recently, single or combined AOPs 

have been reported to treat glyphosate-containing wastewater, such as photolysis oxidation, Fenton 

oxidation, electrochemical oxidation, ozonation oxidation, and combined oxidation process. Table 7 

summarizes some AOPs process used for glyphosate treatment. 

Table 7 shows that photolysis-based oxidation can lead to high glyphosate removal efficiency 

up to 99.8% at low concentration (less than 50 mg.L-1) and the use of photocatalyst improve the 

photodegradation of glyphosate. TiO2 is the common used heterogeneous photocatalyst for 

glyphosate photocatalytic degradation because of its stability, non-toxic and low cost (Echavia et al., 

2009). In order to improve the photocatalytic activity of TiO2, several attempts have been reported, 

such as non-metal doping (Echavia et al., 2009), metal doping (Xue et al., 2011) and metal and non-

metal codoping (Lin et al., 2012). Although complete glyphosate removal has achieved (Echavia et 

al., 2009), while, the mineralization efficiency is not high (less than 74%). Meanwhile, the preparation 

processes for modified TiO2 are generally complicated, resulting in an increase of the cost. In order 

to decrease the cost, the combination of hydrogen processes and UV radiation (H2O2/UV) has been 

reported to treat glyphosate with higher concentration (up to 91.26 mg.L-1) compared to 

photocatalytic degradation, which is a simple and convenient process (Manassero et al., 2010; Junges 

et al., 2013; Vidal et al., 2015; López et al., 2018). H2O2/UV process induced a good degradation of 

glyphosate (>70%), but it requires a long treatment time (more than 5 h). Meanwhile, due to the high 
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cost of electricity associated with using energy-consuming UV lamps (Echavia et al., 2009), the 

disposal of catalysts and difficulties to control the conditions (Zhan et al., 2018) hamper the 

development of these photolysis-based processes at large scale application (Tran et al., 2017). 

Fenton based oxidation (Table 7) has been reported to be a successful technology for glyphosate 

treatment, which has the advantages of simple operation, no mass transfer limitation and easy 

implementation as a stand-alone or hybrid system and easy integration in existing water treatment 

processes (Chen et al., 2007; Bokare and Choi, 2014). 95.7% and 62.9% removal of total phosphate 

and chemical oxygen demand (COD), respectively, have been achieved by conventional Fenton 

process (Liao et al., 2009). However, several drawbacks exist in conventional Fenton process: the 

continuous loss of oxidants and iron ions, the formation of solid sludge and the high costs and risks 

associated with handling, transportation, and storage of reagents (Zhang et al., 2019). In order to 

overcome these shortcomings, Fenton process is improved to form various optimized Fenton 

processes for glyphosate treatment, i.e. electro-Fenton (Balci et al., 2009; Lan et al., 2016) and Photo-

Fenton processes (Huston and Pignatello, 1999; Souza et al., 2013). Electro-Fenton process 

overcomes the limitations of the accumulation of iron sludge and the high costs and risks related to 

the handling, transportation, and storage of reagents. Photo-Fenton process can reduce iron sludge 

production (Zhang et al., 2019). Electro-Fenton and photo-Fenton processes have both reported to 

achieve complete glyphosate removal and good mineralization at low concentration (Balci et al., 2009; 

Souza et al., 2013). However, electro-Fenton consumes extensive anode (Aramyan, 2017; Zhang et 

al., 2019). Photo-Fenton process faces several challenges, such as short working life span, high energy 

consumption and economic costs (Aramyan, 2017; Zhang et al., 2019). Moreover, Fenton based 

process needs an acidic reaction condition (usual pH at 2-4). This consumes a lot of acid along with 

high cost due to extra electrical energy (UV lamp). Thus, Fenton-based processes are generally used 

in a synthetic and low concentration glyphosate wastewater rather than real wastewater from the 

glyphosate production (Huston and Pignatello, 1999; Balci et al., 2009; Liao et al., 2009; Souza et al., 

2013).  
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Table 7 Some AOPs process reported to be used for glyphosate treatment 

Refer. Type Conditions 
Glyphosate 

concentration 
(mg.L-1) 

Remarks 

(Chen et al., 2007) Photodegradation Tμ 22℃; pHμ 3.5-6; illumination time: 3 h; the presence of 
Fe3+ and C2O4

2- 
5.0 Maximum degradation efficiency: 63.2% 

(Chen and Liu, 
2007) 

Photocatalytic 
degradation 

Catalyst: TiO2; T: 30℃; pHμ 2-12; illumination time: 0.5-3.5 
h 

0.042 Maximum degradation efficiency: 92.0% 

(Assalin et al., 
2009) 

Photocatalytic 
degradation 

Catalyst: TiO2; illumination time: 30 min 42.3 TOC removal: 92% 

(Echavia et al., 
2009) 

Photocatalytic 
degradation 

Catalyst: TiO2 immobilized on silica gel; Tμ 22℃; 
illumination time: 2 h 

16.9 Glyphosate conversion: 100%; TOC 
conversion: 74% 

(Xue et al., 2011) Photocatalytic 
degradation 

Catalyst: Ce-TiO2 nanotubes; pH: 7; illumination time: 1 h  22.8 Glyphosate degradation: 76% 

(Lin et al., 2012) Photocatalytic 
degradation 

Catalyst: Cerium and nitrogen Co-Doped TiO2; illumination 
time: 100 min 

50 Glyphosate removal: 99.8% 

(Yang et al., 2018) Photocatalytic 
degradation 

Catalystμ Goethite or magnetite; Tμ 20℃; pHμ 3-9; 
illumination time: 2 h 

10 Maximum glyphosate removal: 92.0% for 
goethite and 99.3% for magnetite 

(Manassero et al., 
2010) 

H2O2/UV T: 25℃; pHμ 3.5-10; illumination time: 5 h 27.04-91.26 Maximum glyphosate conversion: 70%; TOC 
conversion: 29% 

(Junges et al., 
2013) 

H2O2/UV Tμ 20℃; pHμ 5.2; illumination timeμ 2-6 h 50 Maximum glyphosate conversions: 90%; 
TOC conversion: 70% 

(Vidal et al., 
2015) 

H2O2/UV T: 25℃; pHμ 5.2; reaction timeμ 12 h  30.4-72.7 Glyphosate removal: 80%; TOC conversion: 
70% 

(López et al., 
2018) 

H2O2/UV T: 25℃; pHμ 3-10; reaction time: 8 h 30.0 TOC removal: 71% 

(Liao et al., 2009) Fenton Tμ λ0℃; pHμ 3-4; reaction time: 2 h; n(H2O2)/n(Fe2+)=4:1 - TP removal: 95.7%; COD removal: 62.9% 
(Zhang et al., 
2011) 

Adsorption-Fenton Adsorbent: nano-tungsten/D201resin; pH: 2-4 258 Maximum glyphosate degradation: 60.5% 

(Balci et al., 2009) Electro-Fenton Mn2+ as catalyst; Tμ 23±2℃; pHμ 3; anodeμ Pt cylindrical 
mesh; cathode: carbon felt; electrolyte: 0.05 M Na2SO4; 
current: 100 mA   

16.9 Complete glyphosate removal at 3 h; 82% 
TOC reduction in 5 h 

(Lan et al., 2016) Electro-Fenton room temperature; pH 3-6; anode: RuO2/Ti mesh; cathode: 
activated carbon fiber; electrolyte: 0.1 M Na2SO4; current: 
0.12-0.36 A 

16.9-253.5 85% glyphosate removal after 2 h; 72% COD 
removal in 6 h 

(Huston and 
Pignatello, 1999) 

Photo-Fenton Tμ 25℃; pHμ 2.8; reaction timeμ 2 h; H2O2: 0.01 M; Fe3+: 
5.0×10-5 M; UV irradiation: 300-400 nm 

0.034 TOC removal: 35.0% 

(Souza et al., 
2013) 

Photo-Fenton Tμ 40±2℃; pH 2.8±0.2; reaction timeμ 2 h; H2O2: 10.3 M; 
Fe2+/Fe3+: 0.27 M; oxalate: 1.3 M; UV irradiation: 320-400 
nm 

100 Complete glyphosate removal; 
TOC removal: 74.4% 
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(Aquino Neto and 
de Andrade, 2009) 

Electrochemical 
oxidation 

Anode: RuO2 and IrO2 DSA®; Tμ 25±1℃; pHμ 3; current 
density: 50 mA cm-2; reaction time: 4 h; electrolyte: NaCl  

1000 91% COD removal 

(Lan et al., 2013) Electrochemical 
oxidation 

Anode: RuO2 and IrO2 DSA®; room temperature; pH: 5.0; 
current density: 10 mA.cm-2; MnO2 dosage: 0.25 mM; 
reaction time: 2 h; electrolyte: Na2SO4 

16.9 40% and 80% glyphosate removal for 
electrochemical and electro-MnO2 process 

(Kukurina et al., 
2014) 

Electrochemical 
oxidation 

Anode: PbO2; room temperature; current density: 0.12 A.cm-

2; reaction time: 4 h; electrolyte: H2SO4 
16.9 Completely glyphosate mineralization 

(Rubí-Juárez et 
al., 2016) 

Electrochemical 
oxidation 

Anode: Born doped diamond (BBD); room temperature; 
natural pH; current density: 10-100 mA.cm-2; electrolyte: 
Na2CO3, Na2SO4, NaCl 

100 Complete glyphosate mineralization in NaCl 
media 

(Farinos and 
Ruotolo, 2017) 

Electrochemical 
oxidation 

Anode: PbO2 and BBD; T: 30℃;current density: 30 mA.cm-

2; rection time: 8 h 
150.0 95% TOC removal 

(Tran et al., 2017) Electrochemical 
oxidation 

Anode: Ti/PbO2; pH: 3-10; current intensity: 4.55-90.9 
mA.cm-2; reaction time: 360 min; electrolyte: Na2SO4 

4.3-33.8 95.5% glyphosate removal 

(Speth, 1993) O3 Gas flowrate: 0.62 L.min-1; O3: 1.0-2.9 mg.L-1 0.8-1 Complete glyphosate degradation 
(Assalin et al., 
2009) 

O3 O3: 14 mg.L-1; pH: 6.5 and 10; reaction time: 30 min 42.275 97.5% TOC reduction 

(Jönsson et al., 
2013) 

O3/H2O2 Tμ 15℃; O3: 0.5 and 1.0 mg.L-1; H2O2: 0.5 and 1.0 mg.L-1  0.00259-0.00365 >99% glyphosate and >85% AMPA removal 
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Electrochemical oxidation is one of the cleanest technologies to effectively degrade glyphosate 

compared to other AOPs (Villamar-Ayala et al., 2019), with high energy efficiency and easy 

operations (Sirés et al., 2014). And electrochemical oxidation has been reported to treat effluents with 

wider glyphosate concentration ranging from 16.9 to 1000 mg.L-1, compared to other AOPs. 

Complete glyphosate mineralization has been achieved by electrochemical oxidation at glyphosate 

concentration less than 100 mg.L-1 (Kukurina et al., 2014; Rubí-Juárez et al., 2016). Even when the 

initial glyphosate concentration up to 1000 mg.L-1, high mineralization (91%) was also obtained by 

Aquino Neto and De Andrade (2009), on PuO2 and IrO2 dimensionally stable anode (DSA®). PbO2, 

born doped diamond (BBD) and Ti/PbO2 has been also used as anode for electrochemical oxidation 

of glyphosate (Kukurina et al., 2014; Rubí-Juárez et al., 2016; Farinos and Ruotolo, 2017; Tran et al., 

2017). Electrochemical degradation could be affected by several parameters: pH, glyphosate initial 

concentration, supporting electrolyte nature and concentration, electronic composition, electrolysis 

and current density (Aquino Neto and de Andrade, 2009; Aquino Neto and De Andrade, 2009; 

Moreira et al., 2017). However, some drawbacks exist during electrochemical oxidation process: the 

high costs related to the electrical supply, the addition of electrolytes required due to the low 

conductance of wastewaters and the loss of activity and the short lifetime of electrode by fouling due 

to the deposition of organic compounds on the surface of electrode (Sirés et al., 2014). More research 

should be studied to overcome these disadvantages. 

Compared to other AOPs, ozonation oxidation can effectively treat glyphosate-containing 

wastewater at a shortest time under low concentration. Complete glyphosate degradation and 97.5% 

mineralization have been obtained by Speth (1993) and Assalin et al. (2009), respectively. Both high 

removal efficiencies of glyphosate (>99%) and AMPA (85%) were achieved with simultaneous use 

of O3 and H2O2 under a short reaction time (Jönsson et al., 2013). However, it is generally applied to 

treat glyphosate-containing wastewater at low concentration rather than real glyphosate industrial 

wastewater. Furthermore, there are several drawbacks for ozonation which hinders its application into 

practice: (1) ozone is unstable under normal conditions; (2) due to its low solubility in water, special 

mixing techniques are needed; (3) ozone water treatment is much expensive due to the high service 

and maintenance; (4) high toxicity and chemical hazards; (5) harmful disinfection by-products maybe 

generate (Rice, 1996). 

In addition, Barrett and McBride (2005) obtained 71% and 47% of glyphosate and AMPA 

removal efficiency by Manganese oxidation, respectively. Zhang et al. (2011) combined adsorption 

treatment and Fenton oxidation using the nano-metal/resin complexes as the adsorbent to treat the 

industrial wastewater containing glyphosate. They found that the maximum degradation rate of 

glyphosate (258 mg.L-1) was enhanced up to 60.5%. Xing et al. (2018) reported that 100% glyphosate 
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removal and over 93% organic phosphorus removal for real glyphosate wastewater (containing 200-

3000 mg.L-1 glyphosate) was achieved by catalytic wet oxidation using modified activated carbon as 

a catalyst in a co-current upflow fixed bed reactor, which could be a potential method for glyphosate-

containing wastewater treatment. 

As can be noticed, although glyphosate-containing wastewater has been reported to be 

effectively treated by these above technologies which are mostly conducted at lab scale, detailed 

studies of the treatment of industrial wastewater polluted by glyphosate are necessary in order to 

scale-up to an industrial scale. 

 

Fig. 4 The possible oxidation pathway of glyphosate under different processes. 
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Meanwhile, Fig. 4 summarizes the possible oxidation pathway of glyphosate under different 

AOPs reported in the literature. It shows that glyphosate oxidation process generally follows two 

mechanisms related to the cleavage of C-P and C-N bonds attributed to hydroxyl radicals. In the first 

case, glyphosate is attacked by hydroxyl radicals to yield sarcosine and PO4
3- and to generate AMPA 

and glycolic acid in the second case. The two mechanisms can exist alone or together during 

glyphosate oxidation process. The glyphosate photo-degradation are often related to the both AMPA 

and sarcosine pathways, however, only sarcosine pathway during glyphosate photo-degradation is 

presented by Yang et al. (2018) on goethite and magnetite. This is because the formation of Fe-O-P 

bond in the presence of iron oxide would change the electron density distribution around the 

phosphorus center of glyphosate, and potentially induce the C-P bond more assailable to reactive 

oxygen species generated in goethite and magnetite suspension under UV irradiation (Yang et al., 

2018). Besides, a few studies have proved the direct generation of glycine at high pH without the 

generation of sarcosine in TiO2/UV process (Muneer and Boxall, 2008; Manassero et al., 2010). The 

mechanism for this phenomenon is still unclear and further research is needed. The single sarcosine 

pathway is also been reported in the electrochemical and Manganese oxidation of glyphosate (Barrett 

and McBride, 2005; Lan et al., 2013), whereas, the single AMPA pathway is found in electro-Fenton 

and CWO process of glyphosate (Balci et al., 2009; Xing et al., 2018). Sarcosine could be further 

oxidized to glycine, formaldehyde or formic acid. Glycine could be transferred to methylamine, 

formaldehyde, and NH4
+. AMPA may be further converted to formaldehyde, NH4

+, NO3
- and PO4

3- 

through the cleavage of C-P bond. Other small molecules organic compounds may also exist in the 

glyphosate oxidation processes, such as acetic acid and glycolic acid. Even though the possible 

oxidation pathways of glyphosate have been abundantly reported, the precise mechanisms are still 

unknown which is needed further studies. 

4 Conclusions 

Glyphosate, a most extensively used herbicide in the world, could accumulate and transfer in the 

environment, resulting in its frequent detection in surface water, groundwater, and industrial effluents. 

It causes several adverse effects to plants, animals, and microorganisms, and further endangers 

humans due to occupational exposure by agricultural practices or through the food chain. Plenty of 

treatment technologies have been used to effectively remove glyphosate from wastewater. AOPs is 

an alternative method to treat glyphosate-containing wastewater compared to physical and biological 

treatment. However, some problems exist for different types of treatment technologies: post-

treatment needed for physical treatment, various removal efficiency and long residence time for 

biological treatment and high cost and incomplete mineralization for AOPs. Further work in this area 

is essential to develop a more effective, safe and affordable technology to degrade glyphosate. 
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Moreover, it is necessary to scale-up the laboratory studies for these treatment processes to an 

industrial scale and know the precise degradation pathways of glyphosate by different treatment 

methods.  
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Traitement d’effluents complexes et de polluants émergeants par couplage d’un proceed 

d’OVH et d’un proceed biologique 

RESUME 

Le couplage d’une oxydation en voie humide (OVH) et d’un traitement biologique a été étudié pour 
traiter les eaux usées (industrielles) contenant du glyphosate, un herbicide largement utilisé dans le 
monde. Afin d'évaluer les performances du procédé couplé, les performances de l’OVH seule puis du 
procédé biologique de traitement des eaux usées contenant du glyphosate ont été examinées. Tout 
d'abord, des expériences ont été menées pour évaluer l'hydrodynamique des bulles dans une colonne 
à bulles dans les conditions de l’OVH, afin de prédire le transfert de masse et de facilicter 
l’extrapolation du procédé. Deuxièmement, une étude cinétique a été réalisée pour déterminer les 
paramètres cinétiques de l'oxydation du glyphosate par le procédé OVH et une voie d'oxydation 
possible a été proposée. De plus, un dispositif microfluidique a été utilisé dans le procédé OVH pour 
traiter en continu les eaux usées contenant du glyphosate dans un système compact et efficace. En 
outre, afin d'améliorer la biodégradation du glyphosate par les boues activées, un processus 
d'acclimatation a été étudié et la cinétique de biodégradation du glyphosate par des boues activées 
acclimatées a été étudiée, ainsi que son éventuelle voie de biodégradation. Enfin, les effluents 
préoxydés ont ensuite été traités par les boues activées acclimatées afin de conclure à la faisabilité du 
procédé couplé. 

Mot clefs 

Polluants émergeants, glyphosate, oxydation en voie humide, traitement biologique, voie de 
dégradation. 

 

Treatment of complex effluents and emerging contaminants by a compact proccess coupling 

wet air oxidation with biological process 

ABSTRACT 

Coupling wet air oxidation (WAO) and biological treatment has been studied to treat (industrial) 
wastewater containing glyphosate, a  most widely used herbicide in the world. In order to evaluate 
the performance of the combined process, the performance of the individual WAO process and 
biological process to treat glyphosate-containing wastewater have been investigated. First of all, some 
experiments have been conducted to evaluate bubble hydrodynamic in a bubble column under WAO 
conditions in order to predict mass transfer and scale-up WAO process. Secondly, a kinetic study has 
been done to determine the kinetic parameters of glyphosate oxidation by WAO process and a 
possible oxidation pathway has been proposed. As well, a microfluidic device was used for WAO 
process to continuously treat glyphosate-containing wastewater in a compact and efficient process. 
Furthermore, in order to improve the glyphosate biodegradation by activated sludge, an acclimation 
process has been studies and glyphosate biodegradation kinetics by acclimated activated sludge have 
been investigated, as well as its possible biodegradation pathway. Finally, the pre-oxidized effluent 
was further treated by the acclimated activated sludge in order to conclude on the feasibility of the 
coupled process.   

Keywords 

Emerging contaminants, glyphosate, wet air oxidation, biological treatment, degradation pathway. 


