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[bookmark: _Toc161570959][bookmark: _Toc161694095][bookmark: _Toc161780448]Abstract
With the climate changing, water becomes more polluted with toxins due to a great amount of sweet water vaporizing, in addition to current exceeded herbicide use. The toxication of our waters is very harmful to non-targeted plants, mammals, humans, and aquatic life [1]. Study has shown that additional effective water treatment methods are of great importance. [61] That is what this research provides. It shows a new biological water purification method to a degree never seen before. The key ingredient is BODAC, an acronym for Biological Oxygen-Dosed Activated Carbon. These bio-based water treatment filters have been proven to remove over 70% of often-used medicine from water. This was accomplished with the use of the microbiological growth in the BODAC filter. [2] This study will provide scientific research on the removal of micropollutants and a look into the only two previous studies done on BODAC. This is to determine if the promising possibilities of BODAC are true.
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	Acronym
	Explanation 

	2,4-D
	 (2,4-Dichlorophenoxy) acetic acid

	MCPP
	Mecoprop: 2-(4-Chloro-2-methylphenoxy) propanoic acid)

	ATZ
	Atrazine: (6-chloro-4-N-ethyl-2-N-propan-2-yl-1,3,5-triazine-2,4-diamine)

	BODAC
	Biological Oxygen-Dosed Activated Carbon

	UPW 
	Ultra-Pure Water Factory Emmen 

	[bookmark: _Hlk146562028]WWTP
	Waste Water Treatment Plants

	DS
	Drum Sieve

	UF
	Ultra-Filtration 

	RO
	Reverse Osmosis 

	sEPS
	soluble Extracellular Polymeric Substance 

	EDI
	Electro DeIonization 

	BAC
	Biological Activated Carbon

	OMP
	Organic Micro Pollutants 

	VGAC
	Virgin Granulated Activated Carbon 
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[bookmark: _Toc161780454]Introduction
[bookmark: _Toc161780455]Hypothesis 
BODAC is expected to be capable of decomposing the herbicides 2,4-D, MCPP, and Atrazine to a reasonable amount. This is presumed since BODAC has shown to remove over 70% of the researched OMPs (Organic Micro Pollutant) in the previous study done on BODAC by Olga Bernadet, H. Pieter J. van Veelen, Gert Jan Willem Euverink, Maria Cristina Gagliano and Amanda Larasati et al. [2]
[image: ]The characteristics of the pesticides in questionFigure 1 Chemical stucture 2,4-D

[image: ][image: ]The herbicides 2,4-D (2,4-Dichlorophenoxyacetic acid), Mecoprop/MCPP (2-(4-Chloro-2-methylphenoxy) propanoic acid), and Atrazine/ATZ (6-chloro-4-N-ethyl-2-N-propan-2-yl-1,3,5-trazine-2,4-diamine) were elected for this paper. As a result of their persistence in water, the characteristics of BODAC could be investigated.  In Figures 1, 2 and 3, the herbicides' chemical structures are shown. A table of multiple characteristics can be found in the appendix {7.4}, along with the sources used in this subsection. 2,4-D and MCPP are chlorophenoxy and phenoxyalkanoic acid herbicides. This means they are analogs of auxins; plant-growth hormones. They will cause increased, and eventually lethal, growth in target plants. The fact that 2,4-D and MCPP work the same way can be partially stated from the fact that the chemical structures are very resemblant, as can be observed by looking at Figure 1 and Figure 2.  Atrazine, on the other hand, acts as a photosynthetic electron transport inhibitor at the photosystem II receptor site; it affects the photosynthesis in target plants causing them to dry out and die. [3], [4], [5], [6], [7] The three herbicides are proven to be toxic to humans and aquatic life. For further specification, please take notice of table {7.2} ’Hazard Statements', in the appendix and paragraph 1.4. Furthermore, the substances MCPP, Atrazine and metabolites of MCPP impact microbial communities negatively. [8] Moreover, Atrazine causes alteration in the bacterial community structure in soil, which causes bacterial degradation. [9] Figure 2 Chemical stucture MCPP
Figure 3 Chemical stucture ATZ


[bookmark: _Toc161780457]Metabolization
The herbicide's metabolites are often characterized by their high toxicity, frequent occurrence, and persistence in the environment. By coexisting in an environmental medium, they form various mixtures, the products of the possible reactions between these substances may be additive, or unpredictable; analogous to synergistic and antagonistic. The formation medium is often soil and therefore they are not further mentioned in this paper. For exact data, please see the appendix. {7.5, 7.6 and 7.7} ‘Plain metabolites of ….' [4] [10][11]
[bookmark: _Toc161780458]Health Hazards 
Overall, the three herbicides are very toxic to mammals, non-targeted plants, humans and aquatic life. Reducing growth rates, inducing reproductive problems, being possibly carcinogenic, and causing developmental, neurological and genotoxic effects and death in plants and animals. A more detailed explanation along with a table and sources can be found in the attachments {7.2 and 7.3}. 
[bookmark: _Toc161780459]Herbicide application
2,4-D is the second most widely used herbicide worldwide due to its low cost and general applicability. [12] That is why, in the American agricultural sector, 2,4-D has a spot in the top 10 most used conventional active ingredients of pesticides. Furthermore, 2,4-D is the most frequent used active herbicide ingredient in the non-agricultural sectors. [13] [14] 2,4-D is allowed to be used in the EU [15]. MCPP is used to control (broad-leaved) weeds and has a worldwide application.[16] MCPP has been illegal to use in the EU since 31/01/17. [15] Atrazine is mostly used on crops to prevent the growth of broadleaf weeds. [17] Additionally, Atrazine is ranked the second most widely used herbicide in the United States and one of the most effective and cheapest herbicides in the world and is therefore used to a great extent. [18][19] Globally, Atrazine is mostly applied in the US and Brazil as a pre-emergent or early post-emergent herbicide. The European Commission forbade the use of Atrazine in the EU in 2003. [15], [18]. The United States on the other hand, reapproved the use of Atrazine in the fall of 2020. [17]
[bookmark: _Toc161780460]	Extend of herbicide use
It is generally considered challenging to determine the amount of use of a hardly registered, and sometimes illegal substance. However, by looking at the concentrations in water a slight insight is given. An example is the Netherlands, where the water pollutants are well monitored, for example in source [20]. From 1999 to 2010, 2,4-D was the most frequently detected herbicide in suburban surface waters in the US, with the highest concentration being 0,46 μg/L. In the non-agricultural sectors of the US, the amount of 2,4-D is respectively 8–11 and 16–22 million pounds. In the USA, rates of application were less than 1.7 kg acid/Ha, and approximately less than 2.2 kg/Ha was applied annually. [13] MCPP is not often found in food and drinking water. When MCPP is detected, the concentration is usually not more than a few microg/L [21].  However, MCPP is regularly found in surface water samples at 0.01–1 μg/L levels in most countries. [16]. Atrazine is due to its often use, the most common chemical contaminant in US water supplies. 90% of the water tested by the USDA contained Atrazine and its metabolites [18]. 
[bookmark: _Toc161780461]BODAC properties and performance
[image: ][image: ][image: ]Biological Oxygen-Dosed Activated Carbon (or BODAC) is formed when full-scaled BAC filters, dosed with a high oxygen concentration, are used. A BAC (Biological Activated Carbon) filter is used to purify water by using the absorption abilities of activated carbon granules while desorption and biodegradation occur simultaneously. This results in the longevity of the carbon bed. As a result of the combination of adsorption, and the activity of the biofilm growing on the carbon surface, the removal of nutrients, organics, and organic micropollutants with the use of BAC granules is accomplished. BAC's purifying abilities get increased by adding dissolved oxygen, due to the stimulation of bio-regeneration in BAC filters, forming BODAC.  [2] BAC and BODAC are stated in Figures 5 and 4. In Figure 4, the biofilm of BODAC is notably visible, this biofilm contributes to the carbon bio-regeneration by metabolizing the adsorbed compounds. [2]Figure 4 BODAC, carbon with biofilm
Figure 5 BAC, clean carbon without biofilm

In Figure 6 the characteristics of BODAC are stated.  Such as the microbial community, the inorganic layer, and the activated carbon. The used biofilm sample was retrieved by using the backwashed bacteria and it consists of particles of the inorganic layer, the microbial community, and the EPS layer. The latter was formed by the microorganisms attached to the BODAC granules' surface. Adsorption, desorption, and conversion occur, but the latter only occurs when the whole is shaken with immense force and does not occur on itself.[2]Figure 6 BODAC granules characteristics

The UPW (UltraPure Water factory in Emmen, The Netherlands) uses several consecutive water treatment steps when purifying with BODAC, as can be seen in Figure 7. Starting with wastewater treatment plants (WWTPs), followed by drum sieves (DS) and ultrafiltration (UF); a membrane filtration technique, in which external hydrostatic pressure pushes a liquid through a semipermeable membrane that can remove a target, usually particles, microorganisms, and organic matter from the bulk solution. This is to prevent biofouling in the RO units. Then BAC filters would be used to reduce the concentration of potential foulants. However, since BAC filters are not able to remove organics such as soluble extracellular polymeric substances (sEPS) and humic-like substances, BODAC filters are used. They are BAC reactors with a high dosed oxygen concentration which are regularly dosed to maintain the oxidic concentrations. This is to prevent biomass decay and stimulate microbial kinetics, which decomposes recalcitrant organics.  [2] [22]
[image: ]
Figure 7 Schematic overview of the UPW production with BODAC, at the UPW factory in Emmen, the Netherlands
In this setup, BODAC purifies the water twice. The backwashed water, containing detached biofilms, is drained to remove the accumulation of solids and inactive biomass on the BODAC granules' surface.  The purpose of backwashing is to prevent bio-fouling, which is usually inevitable, by dethatching the biofilm from the granules. This is conducted by air scouring; this creates agitation and a subsequent water flush from the BODAC 2 effluent.  Oxygen is added to stimulate the bio-regeneration which will improve the adsorption abilities of the BODAC granules. After that, Reverse Osmosis membranes (RO 1 and RO 2) purify the water even further. Since BODAC could remove the foulants before the RO filters did, the RO filters were able to operate for 11 years without major fouling issues occurring. Not only did BODAC filters remove organic micropollutants for 99% during those 11 years, they did not need (ex-situ) chemical or terminal regeneration or carbon replacements in that same time period. This greatly exceeds the extent of the service life of typical carbon, which is 6 months to 5 years depending on the organic loading rate.  Due to this result, BODAC filters have proven to have the potential to further treat secondary wastewater and effluent and be a sustainable method of water purification. The setup ends with Electrodeionization (EDI), continuing to produce Ultrapure water. This ultrapure water currently just has industrial purposes (e.g.)  steam injection in an oil extraction process. [2], [22]
[bookmark: _Toc161780462]	Process performance of BODAC-filters
[image: ]A research team, consisting of Olga Bernadet, H. Pieter J. van Veelen, Gert Jan Willem Euverink, Maria Cristina Gagliano, and Amanda Larasati, the latter has been involved in this particular research as well, investigated the performances of BODAC filters. They focused on the physical and chemical characteristics of the granules, the biofilm characterization, and the capability of BODAC to remove organics, nutrients, and 13 different OMPs (Organic Micro Pollutant) from wastewater secondary effluent. They aimed to holistically evaluate this full-scale scenario. This study was the first to present a multidisciplinary and comprehensive insight into the BODAC filters, laying the foundation for a deeper understanding of BODACs' possible application as an innovative water treatment approach and a stable long-term operation. [2] In their study, two BODAC samples were used. BODAC 1, which comprises an influent of ultra-filtration permeate whereas BODAC 2 comprises the effluent of BODAC 1. The empty bed contact time of BODAC 1 and BODAC 2 are respectively 16 and 32 minutes. The filtration rate was 10 and 5 m/h. The samples were aerobically operated by regular dosing of pure oxygen; a higher oxygen concentration was applied after a higher ammonia concentration was detected in the influent. [2] Over 11 years the granule's surface was reduced by 70% compared to Virgin Granular Activated Carbon (VGAC). As can be seen in Figure 8. This indicates that there was less surface area available in aged granules over time, this corresponded to a complex surface morphology with biofilms, cells, and inorganic deposits. Which, however, did not change after backwashing. In this referenced study backwashing had a minor positive influence on Brunauer-Emmet-Teller-specific surface area (BETSSA) on BODAC 1, which can too be stated from Figure 8. Nevertheless, backwashing was found to be unable to restore BETSSA to a level comparable to VGAC, as can be seen in Figure 8 [2] Backwashing [image: ]did lead to a significantly lower removal of organic compounds in BODAC 1, however, the total removal after being treated with BODAC 1 and 2 remained the same. Whole granule samples were obtained before and after backwashing from the top of the BODAC filters. The surface characteristics of BODAC 1 and BODAC 2 were investigated using SEM (Scanning electron microscopy) analysis, as can be observed by looking at Figure 9.  Thick biofilms and different cells were visible on BODAC 1 and 2, even after backwashing. For a graphical comparison with VGAC, Figure 4 can be looked at. EDX (Energy Dispersive X-ray) analysis showed that Ca and Fe accumulated a little on the surface of the whole granule samples and backwashed granules samples. Mn was found to accumulate the most. This can be stated by looking at [image: ]Figure 10. [2] Figure 8, difference in surface area over time
Figure 9 BODAC 1 and BODAC 2 surface characteristics using SEM analysis
Figure 10 Accumulation of elements in % on BODAC 1 and 2 during 2 years of sampling. (A) dry weight percentage, (B) EDX analysis of the granules surface [58]

The organic content of the BODAC filter influent consisted of soluble molecules, mainly proteins. During the two years of research 10 – 15% of the organics, again mainly proteins were removed by BODAC 1 and 2. BAC filters were reported to perform better at removing these proteins compared to Granulated Activated Carbon (GAC), this is because biodegradation occurred in BODAC. BODAC filters were also tested for the possibility of removing 13 OMPs of interest. As it turned out the filters consistently removed OMPs such as hydrochlorothiazide, metoprolol, atenolol, sotalol, lidocaine, and trimethoprim by at least 70 % in BODAC 1 and 2 in more of the six points measured. BODAC 1 removed more than half of the total removal percentage, turning BODAC 2 into a polishing filter that still contributes to the overall removal of OMPs. The reduction of the concentrations of the OMPs were tested in different temperatures and at different oxygen doses, causing different efficiencies to be observed. A higher dose of oxygen turned out to increase the efficiency. [2] The presence of inorganic deposits and microorganisms caused the surface of the carbon to be more heterogeneous. That is why the removal of OMPs on the BODAC granules are difficult to possibly predict, especially with the hydrophobicity and charge of the OMPs. [2] 
Treatment with BODAC 1 and 2 did not affect the total amount of nitrogen in the influent. However, all of NH4+ and NO2- were found to be completely converted to NO3 -. This showed that in two years, complete nitrification occurred.  Therefore, it could be concluded that oxidizable nitrogen species were present in the biofilm of BODAC. Further research showed that the oxygen dosing was beneficial for the mentioned nitrification process. What was notable as well, is the fact that further nitrification took place in BODAC 2. Moreover, Mn was consistently and completely (>99%), regardless of the concentration of season, removed from the influent after treatment with BODAC filters. Furthermore, the inorganics Ca, Fe and Mn along with P and Al accumulated on the surface and in the pores of the granules, as can be concluded from Figure 10 [2], [22] Pore clogging did not occur in BODAC, and BODAC was able to ensure consistent performance. This may be because of the severe reduction of the Mn presence since that causes irreversible fouling in membranes and pore-clogging. [2] This referred study carried out microbial community analysis to determine possible microbial protagonists in the granules biofilm catalyzing the nitrification and Mn (II) oxidation processes. However, part of the microbial community remained unclassified. In BODAC 1 the dominant nitrification catalyzing genus was Nitrospira, a nitrite-oxidizing bacteria that are the main drivers of NO2- oxidation. In BODAC 2, concerning the protagonist groups, the microbes turned out to be members of the Nitrosomonadaceae family. They converted NH4+ to NO2- after that, the family of Nitrospira converted the NO2- again to NO3-. In BODAC 1 the Nitrosomonas were present to conduct the ammonia-oxidizing function but, in fewer numbers (2,8 % relative abundance in BODAC 1). [2] Numerous microbial communities on BODAC 1 and 2 turned out to be related to Mn oxidizers. This being Pedomircobium and Hyphomicrobium; bacteria that speed up the rate of Mn-oxidation to five times compared to non-biological Mn-oxidation. Other microbial groups detected and probably connected to Mn-oxidation are; Stenotrophobacter, Terrimonas, Burkholderiaceae and Gammaproteobacteria PLTA13, and bacteria that need Mn for growing purposes such as Bradyrhizobium. Among the groups directly involved in the degradation of the OMPs there were members of the Rhizobiales (e.g.) Bradyrhizobium and Hyphomicrobium families. These can degrade aromatic compounds and contribute to bioremediation of contaminated soil. [2] 
In the first 200 days of research, the adsorption appeared to be the main removal mechanism. After that, biodegradation was suggested to be the dominant removal mechanism. This is in line with the three phases of organic removal when using BAC filters; (phase 1) adsorption, (phase 2) transition from adsorption to biodegradation and (phase 3) stationary phase. In the last phase, biodegradation prevails with a removal range of 10-40% of all organics. Due to this mechanism, BODAC filters could actively remove OMPs for 11 years. Due to the removal of biofouling precursors after reaching the stationary phase, no fouling issues were reported. [2] BODAC filters, compared to mere BAC filters, have a service life of 2 to 3 times longer, while still complying with the same standards.
The second study on BODAC, which aimed to identify the primary fouling precursors and their removal, showed that the amount of nitrogen species in the BODAC 1 and BODAC 2 effluent were alike. Indicating that the kind of use of the BODAC filter does not influence the number of microbial species in the effluent. In this study, small sugars, small organic acids, alcohols, aldehydes, ketones, amino sugars, and amino acids were mentioned to contribute to microbial growth. Possibly causing biofouling. [22] The purpose of the referred study has been to introduce a pre-treatment, along with low-pressure Ultra Filtration, which would be capable of improving the removal of organic matter and foulants. Which would then reduce the usage of reverse osmosis filters in the line of producing ultra-pure water. Since over 99% Mn oxidation and complete nitrification were consistently achieved due to the present microbial families. This study also found that, due to the removal of Mn, fouling no longer occured, and the production of Ultra-Pure water was able to take place. The enzymatic activity of the nitrifying bacteria could mean that said bacteria significantly contribute to the co-metabolism of the OMPs. The removal of OMPs with the use of BODAC is a huge added value to the production of Ultra-Pure water. While too overcoming the regular issues with the accumulation limit of OMPs after rejection by the RO units in the permeate. 
The novelty of the present research is the combination of in-water-sustaining herbicides and the filtration process of BODAC. These two were combined to gain insight into this novel manner of water detoxification and to inquire if there is a way to remove the herbicides from polluted water. BODAC filters have a lot of potential for future use since they are an eco-friendly and sustainable way of water purification. 
[bookmark: _Toc161780463]	Method and materials  
The laboratory test was conducted to distinguish the herbicide removal from the solution over time, between the biodegrading abilities of the biofilm and the adsorption and biodegration performed by the BODAC granules. This, to shed light on whether BODAC is able to remove pesticides from water, and to gain further insights into the abilities of BODAC.  In this laboratory experiment, 2,4-D, MCPP and Atrazine were put together with the BODAC biofilm and BODAC granules. By conducting this experiment, the removal of the herbicides was followed over time.
[bookmark: _Toc161780464]Materials 
· 
· 1 bottle (1L)
· 4 flasks (with cap) 50 mL
· 10 mg 2,4D
· 10 mg Atrazine
· 10 mg Mecoprop
· Balance
· unrecyclable spoons 
· 0,2 g BODAC
· 2,0 g (wet weight) biofilm
· Centrifuge (an Eppendorf 5424 was used) 
· 1 Liter pure H2O
· 6 bottles with cap 100 mL
· Balance
· Pipet, unrecyclable 50 mL
· micropipette
· 6x 2 ml Eppendorf flasks 
· Liquid chromatography/ mass spectrometry machine (LC/MS) 
· standard pH solutions 
· 6x 1 ml bottles (with cap) 
· pH measure machine


[bookmark: _Toc161780465]Method of experimenting 
To prepare the micropollutant and carbon samples, a stock solution is 10 mg/L of mixture 2,4-D, MPCC and Atrazine was made. The objected solution is 20µg/L. First, label the 1L bottle: 24D ATZ MCPP 20µg/L and the 4 50 mL flasks (with cap): Carbon 1, Carbon 2, Biofilm 1, Biofilm 2. To produce the '24D ATZ MCPP 20µg/L'; add 10 mg of each herbicide in the 1 L bottle, thus 30 mg in total is contained and add 1liter pure H2O. Label it as 'concentrated herbicide'. Since 20µg is quite impossible to measure, this concentration will be diluted. Before preparing the actual solution (20µg/L), one should know that a concentration of 20µg/L is the same as the concentration of 10µg/0,5L. To achieve a solution with a concentration of 20 µg/L, add 1 mL of the solution 10mg/L in 500 ml H2O. This amount was calculated using the equation C1V1 = C2V2.  To prepare the BODAC, add more than 0,2 gram each of BODAC in the flasks labeled 'Carbon 1' and 'Carbon 2' (with cap, 50 mL) with pure water until the bottle is filled to 50 mL. To prepare the biofilm samples, add (wet weight 2,0 g) biofilm (segregated from carbon) in both flasks labeled 'Biofilm 1' and 'Biofilm 2' (with cap, 50 mL) with pure water until the bottle is filled to 50 mL. Centrifuge the flasks. To make the solutions, label 6 bottles with the next labels: Control (micro pollutant replicate) 1, Control (micro pollutant replicate) 2, Carbon (replicate) 1, Carbon (replicate) 2, Biofilm (replicate) 1, Biofilm (replicate) 2. After centrifuging the flasks, get rid of the water in the Carbon sample. Poor it into the sink. Make sure not to pour the BODAC into the sink as well. After that, weigh 0,20 grams of Carbon sample on a balance and put it into each of the bottles labeled Carbon 1 and Carbon 2, use an unrecyclable spoon. Get rid of the water in both of the Biofilm samples. Poor it into the sink. Make sure not to pour the Biofilm into the sink as well. Put all of the 2,0 g (wet weight) biofilm from Biofilm sample 1 into the Biofilm 1 labeled bottle. Replicate these actions for Biofilm sample 2.  Then, add, with a pipet (50 ml), 50 ml 24D ATZ MCPP 20µg/L to each Control 1 and Control 2. To make the actual solutions with the micropollutant. Add 50 ml of 24D ATZ MCPP 20µg/L with a pipet (50 mL) in each of the Carbon 1, Carbon 2, Biofilm 1 and Biofilm 2 bottles. In this process, clean the used spoons and used biofilm flasks (of the concerning substance) and put this into the concerning bottle. After that, put the 6 bottles in the shaker for 30 min at 20 ⁰C and 120 RPM in a dark condition. In the meantime, label the 2 ml flasks with the next labels: Control 1, Control 2, Carbon 1, Carbon 2, Biofilm 1, and Biofilm 2. After that, take the samples periodically at precisely, 30 min, 2h, 24h, 1 week and 2 weeks. When taking the samples, take the following actions. First, test the specific pipet (installed at 1 mL) with water. Put 1 mL on a dish on a balance and check if the value is correct. Then, put 2 times 1 mL into the corresponding Eppendorf tube, and use a new pipet with each bottle. Proceed to centrifuge the 6 Eppendorf tubes at 10 000 RPM for 5 min. Label in the meantime (1 mL) bottles with the next labels: (30m/2h/24h/1w/2w) (1-8). There are 6 samples at every point measured, when measuring for the first time, make sure there are two more blanks. After centrifuging, pipet 1 mL of each bottle in a 1 mL bottle. For measuring, put the samples in the LC/MS machine.  To check the [image: ]resemblance between the 100 mL bottles, measure the pH. Operate by first checking the equipment with three standard solutions. Make sure to clean the machine after every sample. 
The mere basics of the conducted experiment are shown in Figure 11. The removal of herbicide can be indicated by the amount of herbicide in the Biofilm and/or Carbon sample in contrary to the Control sample. A relatively lower, when compared to the control group, amount of herbicide in the Carbon and/or Biofilm sample indicates a high removal of the herbicide. Figure 11 Basics of conducted experiment

[bookmark: _Toc161780466]Results and Result Analysis 
The purpose of this study was to follow the removal of herbicides over time. This is what is shown in the next graphs. The conducted laboratory test was meant to distinguish the difference between biodegradation and adsorption by the BODAC granules. 
[bookmark: _Toc161780467]	 pH measurements
[image: ]To get an indication of the resemblance of the different samples, the pH was measured. Table 1 shows the measured pH values. Since the pH values of the control samples 1 and 2, in Table 1, are the same, it can be concluded that the substances are resemblant. What can be noticed here is the significant difference between the Biofilm and the Carbon (BODAC) samples, this is due to the even higher (7-8) PH value of active carbon.Table 1, pH values samples

[bookmark: _Toc161780468]	 Concentration 2,4-D over time 
The decreased values of 2,4-D in the solution at the certain points in time are given in Figure 12. The BODAC 2 sample at 24h was lost due to LC-MS machine failure, this applies to the other OMPs as well. At 24h, the resulting Carbon sample does a slightly better job at removing 2,4-D from the solution than biofilm samples do. However, after 168 hours the Biofilm sample performs significantly better, removing 53,2% of 2,4-D in contrary to the 33,4% that the Carbon film can remove. The control groups are stable, meaning the herbicides were not hydrolyzed and no metabolization occurred. At 336 h the Biofilm samples are able to extract 87,6% 2,4-D, in contrast to the 63,4 % the Carbon sample can remove. In the end, the Biofilm turns out to be quite proficient at the removal of 2,4-D.  The gap between the duplicates indicates the average value and error due to the difference in weight, pipetting error, and low concentration. The shown error bars are a vertical 5,0% deviation in every figure.  	
[image: ]Figure 12 Concentration 2,4-D over time

[bookmark: _Toc161780469]	Concentration Atrazine over time
The concentrations of Atrazine over time are shown in Figure 13, the concentrations of the control groups stay stable, meaning that again no hydrolyzation and no metabolization occurred. The Carbon samples extract noticeably more Atrazine than the Biofilm samples do. Meaning that the large amount of extraction is mostly due to the activated carbon and not the biofilm on the carbon granules. After 24 hours 56,2% of Atrazine was extracted from the Carbon granule analyte. This is more than half of what is extracted at 336 hours: being 81,7%. The Biofilm performance at 168 h was 3,7 %.  The passiveness of the biofilm samples may be due to Atrazine's ability to destroy microbial communities, but that contradicts the adsorption of 2,4-D. Therefore, the biofilm of BODAC does not get killed off by Atrazine, the biofilm just cannot absorb atrazine. This possible effect of Atrazine on microbial communities has been mentioned in the subsection. 
[image: ]Figure 13 concentration Atrazine over time
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In Figure 14, similar to Atrazine the extraction of MCPP in the carbon samples happens relatively fast in the beginning and then slows down. On the contrary to the removal of Atrazine, Mecoprop does get removed in the biofilm analyte. Actually, in the end, the biofilm removed more MCPP than the Carbon samples did. At 24 hours, the Carbon analyte has a 39,8% removal efficiency while the Biofilm has a 4,6 % removal efficiency. However, at 336 h the Carbon analyte has a removal efficiency of 65,0% and the Biofilm analyte has now a 70,0 % removal efficiency. This may be because of the larger reaction surface of the Biofilm compared to BODAC. This faster reduction of the MCPP concentration may be due to the fact that, at first the activated carbon sets in and then the biofilm 'activates'. Resulting into the primary removal being done by the activated carbon in the first 24 hours. The concentration of the control group stays the same, meaning that there is again no metabolization. The Carbon and the Biofilm samples perform almost equally at 336 h (65 to 70), meaning that the biofilm is actively removing Mecoprop. In the subsection, the impact on the microbial communities due to MCPP was mentioned. Since removal in the biofilm samples still occurs, this effect is zero to minimal. Overall, optimal removal of the three concerning herbicides takes time. The results show that the removal is a continuous process, but that optimal removal lies often within a shorter time period than 336, considering the accelerated adsorption within the first 24 hours in all three cases. This is in line with the phases mentioned earlier. This being (phase 1) adsorption as a result of the activated carbon, (phase 2) transition from adsorption to biodegradation and (phase 3), the stationary phase in which [image: ]biodegradation prevails. Figure 14 Concentration Mecoprop over time

[bookmark: _Toc161780471]	Conclusion and discussion 
In conclusion, the biofilm of BODAC may be ineffective when dealing with substances comparable to Atrazine. This does not mean BODAC is entirely ineffective in those cases since active carbon can remove these substances quite well on its own. The attack on the microbial community due to Atrazine and MCPP application is not seen in this research, since the biofilm was still effective in another case in the same solution. However, a higher level of effectiveness in biodegrading might have been obtained when Atrazine was present in the herbicide solution. This paper shows that BODAC turns out to be an optimal process since the active carbon removes relatively much in the first 24 h, after that the biofilm kicks in and assists with the removal of the OMPs; in line with the earlier referred study. In virtue of this effective removal of these three herbicides, BODAC has numerous future possibilities. For examples being: effective wastewater treatment and clean drinking water production. This study further proves that BODAC succeeds in removing OMPs from water, therefore, the possibilities of BODAC must be further looked into.
Elements that could have been done differently are: using virgin BAC granules to compare the removal efficiency. This way the active carbon part of BODAC could be looked into, however, that has been partially done in the study on BODAC which was referred to earlier. There may be negative effects of the biofilm on the activated carbon such as pore clogging. However, this is not very probable since the referred study on BODAC did not show any pore-clogging or fouling issues. Since the number of bacteria in the BODAC substance is unknown, it is complex to measure, it is very probable that the biofilm concentration in the Carbon analyte is lower than the concentration of the biofilm sample. That may be the reason the biofilm sample performed better at removing MCPP and 2,4-D. By looking at the pH values it can however be determined that the biofilm on the carbon has about the same pH value as the biofilm sample because the average pH of biofilm, carbon granules, and biofilm translate to the pH value of the carbon samples. This may need additional evaluation. Another point of discussion might be that the biofilm is heterogeneous and that is why the composition of the biofilm may be different with different samples.
Desorption of BODAC granules is possible but only if the substance is shaken with immense force, this may occur, since that did not happen. The chance of this influencing this research is quite small. There still is a knowledge gap regarding the transition from one main-removal-substance to another, this is mainly due to the low quantity of research on this subject. This study may have cleared some things up such as the time period and the point of transition. However, since the removal of just three OMPs were looked into this does not mean this happens with every substance and can therefore not be determined. In this study, the reaction between herbicides was not investigated. However, since the concentration of herbicides in the control group did not change, it can be determined that no reaction occurred. The same is true for metabolization. The lack of reaction between the research will not happen every time and should therefore be investigated. Oxygen was not added during this experiment indicating that the biofilm possibly may have been deteriorating throughout the experiment. This may too mean that when more oxygen was added during the conduction of the experiment the biofilm may have even removed more of the OMPs, complementary to the results of the previously referred study.  One sample got lost while conducting the experiment, the Biofilm 2 analyte at 24h, due to machine malfunction. This may cause inaccuracy in the results. However, since the Biofilm 1 sample at 24 hours did not get lost, this effect is relatively small. A higher number of samples would however have caused a higher accuracy. Since there were already two samples a different result is not to be expected, additional samples would only increase the reliability. In this paper, a high concentration of pesticides was used to easily distinguish the biodegradation and adsorption by the BODAC granules. In reality, the Carbon and Biofilm could remove these OMPs at a lower concentration in a shorter time. However, due to practicality, a higher concentration of the pesticides was taken. 
The removal repeatedly occurred in the same climate; therefore, this is not a factor of unreliability. Since the experiment was conducted by humans in a lab, a few minutes away from the shaker, inaccuracy may have occurred. However, since this is such a minute amount this will not have any effect on the results. The shaker was closed to light and a constant pressure and temperature were applied. The samples were put in the freezer for a short amount of time between the shaker and the measuring machine this is because further reactions were put on hold. Nevertheless, since this was not 0 Kelvin, reactions still may have occurred. Yet not to an amount that the results have been affected much. This is the same reason for the significantly of the points in time, for example, 24 instead of 24,0. 
The used machines have a deviation, this is such a small amount that this can be mostly ignored. Since there are no Mn or N groups present in 2,4-D and MCPP it can be concluded that the bacteria in the biofilm are not merely able to degrade these substances. What is odd, is that Atrazine, the herbicide with the N groups, does not get affected by the biofilm. This is related to the biodegrability of Atrazine. A great amount of further research possibilities come from this study. To get that all in line: What are the further differences between BODAC and pure active carbon (BAC)? What are the details of the 'defect' or 'failed work' of the biofilm on Atrazine? Furthermore, does BODAC work on the even more hazardous metabolites of these herbicides? 
The usage of BODAC could be realized in water storages that are contaminated with herbicides. To do this one could use the setup described in figure 7 or research an optimal setup for a different influent. Since the removal of the OMP’s improves over time, an increased contact time would improve the pureness of the water effluent. A lager amount of BODAC and a high dosed oxygen concentration increases the efficiency and therefore shortens the time before the same level of purification is reached when purifying the same volume of influent. 
Due to the promising characteristics of BODAC, such as its sustainability and the wide scalar of OMP’s that can be removed to a reasonable amount, the BODAC filters can be considered future proof and may help us solve a major water challenge. 
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[bookmark: _Toc161780477]The long-term human health concerns
MCPP and 2,4-D are chlorophenoxy herbicides, and have therefore been classified to the IARC group 2B (possibly carcinogenic). However, since this has not yet been scientifically able to prove, the water-quality guidelines are based on the other toxic effects. [23] [21] Atrazine has been IARC identified as 3; ‘Not classifiable as to its carcinogenicity to humans’. [24] Nonetheless, ATZ is still possible to be carcinogenic. Furthermore, Atrazine is sus-pected to cause reproduction effects. However, the current information is incomplete. 2,4-D does cause reproduction effects. All three herbicides are respiratory tract irritants, and therefore cause trouble breathing. They are in addition all eye irritants. MCPP and Atrazine are additionally skin irritants. The status of 2,4-D on harming skin is not yet identified. There is no information on the three herbicides being skin sensitizers and therefore no information on causing an allergic reaction if skin is ex-posed to the concerning pesticides. 2,4-D and Atrazine are both endocrine disruptors and cause interference with the hormonal system. 2,4-D is causes endocrine issues; there happen to be synergistic androgenic effects when 2,4-D is combined with testosterone. The endocrine issues caused by Atrazine are andro-gen inhibition, and a weak estrogenic effect [60] [25]. In addition, 2,4-D is a neurotoxicant. Research on rats has proven that 2,4-D, regardless on the route exposure, causes a deficit in neurobehavioral tests and a decreased thickness of the cerebral cortex, causing increased expression of the pro-apoptotic protein BAX. [12] Atrazine is associated with mechanisms of neurotoxicity. A study done to determinate the so called ‘Mechanisms of neurotoxicity associated with exposure to the herbicide Atrazine’ has shown that there is evidence of crosstalk; (unwanted) transfer of signals between two communication channels, that can be affected by atrazine exposure. This exposure causes widespread dysfunction and behavioral changes, even without any direct link to the hypothalamus. That is why the hypothetical mechanism of toxicity of atrazine endocrine disruption and neurotoxicity can be described as a web of pathways that are influenced through changes occurring in each path and their multiple feedback loops. [17] Furthermore, 2,4-D has the following genotoxicity code rating: negative chromosome aberration (A3), no data on DNA alteration (B0), no data on Gene Mutation (C0), no data on genome mutation (D0), negative unspecified genotoxicity type (E3). Nevertheless, study on rodents, using machine learning algorithms, has shown that 2,4-D does cause an in-crease in micronuclei and causes DNA damage in all exposed groups regardless of the exposure route and concentration. The extracted data showed that the exposed and non-exposed groups are easy to categorize due to the prominent difference between caused damage. Therefore, it could be determined that 2,4-D can cause genotoxic effects [26]. Atrazine has exactly the same genotoxicity code rating as 2,4-D.  Although there have been years of research on the genotoxicity of atrazine, the current data available remains incomplete. Study has shown that it still remains relevant to investigate current low concentrations that are assumed to be safe to in fact be not hazardous. With a new testing model to in-crease the sensitivity, a so called ‘transgenic plant-based system’ it was possible to determine that at low concentrations Atrazine was found to be a strong inducer of homologous recombination. [27] However, the study did not show a significant influence of A T and C G mutations. [27] Mecoprop has the genotoxicity code rating:  negative chromo-some aberration (A3), no data on DNA alter (B0), no data on Gene-mutation (C0), no data on genome mutation (D0), possible positive unspecified geno-toxicity type (miscellaneous data source) (E1). [25] Since the data source happens to be miscellaneous and no research on this topic can be found, there is no clear information on the genotoxicity of MCPP. Moreover, 2,4-D can be a liver and kidney toxicant. It may as well affect digestive systems in case of an excessive doses. Apart from the information stated above, no further information on general health issues of MCPP can be found. Atrazine on the other hand may cause coma, circulatory col-lapse, gastric bleeding, renal failure and disturb testosterone metabolism. As study recorded the behavioral changes on crayfish for all herbicide concentrations and concluded that 2,4-D is highly toxic to crayfish (at 23 degrees +/- 1 degree), a non-target organism in the ecosystem. [28] According to the GHS Hazard statements, the effects on the climate are huge. 2,4-D, MCPP and Atrazine are all rated very toxic to aquatic life (H400), and 2,4-D is further considered:  Harmful to aquatic life. (H402). MCPP and Atrazine cause long lasting effects on aquatic life (H410). Even more, atrazine causes behavioral changes in frogs and fish and affects reproduction of aquatic flora and fauna, impacting the entire community structure. [19] Furthermore, Atrazine changes gender in frogs. Researchers believe Atrazine reduces the production of male hormones while increasing the effect of estrogen. This means that males can mate with former males, since the genetics of the male-female are still male, the offspring can just be male. Possibly eliminating the population.  This change of sex occurs at levels as low as 0,1 PPB, 30 times lower than is allowed by the EPA. This is not just about frogs. This may occur across amphibians, fish, mammal and reptile species. [18] Not merely a change of reproductive issues is caused by Atrazine and some of its metabolites, developmental, reproductive, neurological and immune effects occur in humans and wildlife. In 2016, the EPA warned about the reproductive risks in wildlife caused by atrazine. [29] In 2018, the EPA warned about how the exposure of atrazine from food, water and air causes developmental risks to children. [29] 2,4-D effects plants and animals in a way it can reduce growth rates, induce reproductive problems or cause death of nontarget species including plants and animals [4] [9]. Atrazine is listed as an endocrine disrupting chemical that mainly targets the neuroendocrine system and associated parts, 2,4-D acts as a reproductive toxicant when the luteinizing hormone (LH) is attenuated. [17] Study has concluded that the maximum limit on the atrazine limit does not pro-vide enough protection on aquatic life, increasing the potential risk of contaminating the aquatic environment, causing this to become fragile, both sur-face and subsurface [19].
[bookmark: _Toc153396338][bookmark: _Toc161780478][bookmark: _Hlk144205271]Table of characteristics of the researched herbicides. 
	Common name
	2,4-D
	MCPP
	ATZ

	IUPAC Name
	2,4-Dichlorophenoxyacetic acid
	[bookmark: _Hlk140159852]2-(4-Chloro-2-methylphenoxy) propanoic acid
	6-chloro-4-N-ethyl-2-N-propan-2-yl-1,3,5-trazine-2,4-diamine

	Physical description
	Solid, odorless, sinks in water, white to tan color
	Colorless crystals
	Odorless white powder

	Chemical formula
	C8H6Cl2O3
	ClC6H3(CH3)OCH(CH3)COOH.
	C8H14ClN5

	Chemical structure
	[image: ]
	[image: ]
	[image: ]

	Use
	Herbicide
(lLawns, turf and a variety of field, fruit and vegetable crops)
	Herbicide
(broad-leaved weeds in cereals and grassland, control of weed in turf and control of weed under top fruit crops )
	Herbicide 
(Broadleaf and grassy weeds in corn crops)  


	Operation theory
	2,4-Dis a chemical analogue of auxin, a plant growth hormone. It produces uncontrolled and lethal growth in target plants.
This is called a chlorophenoxy herbicide.
	Mecoprop is, similar to, 2,4-D a chlorophenoxy herbicide.
	Atraznine interferes with photosynthesis, causing the plant to dry out and die. 

	Toxicity class (Thereshold of Toxilogical Concern)
	III
	III

	III

	WHO classification
	II
	II
	III

	Chemical safety 
	[image: ]


	[image: ][image: ]
	[image: ]

	Occurrence
	2,4-D is present in a low concentration in surface water. The highest concentrations were found in surface water, soil and air surrounded by crop fields where it is often used. 
	In Sweden Mecoprop is the most commonly found pesticide in drinking water near areas of intensive agriculture. 
	Atrazine is widespread in surface water, ground water and rainfall (precipitation) and does not occur naturally


	Solubility
	2,4-D is soluble in water. 677 ppm (x 10-3 mg/mL) at 25 ⁰C and 540 ppm at 20 ⁰C. 2,4-D is soluble in organic solvents.  
	Persistent in water

	Atrazine is soluble in water (33,0 mg/L at 25 ⁰C)

	Boiling point
	Decomposes, emits toxic fumes of chlorides
	· 
	Decomposes

	Melting point
	137,778 ⁰C

	93-95 ⁰C

	175-177,2 ⁰C

	Charge at pH 7
	Negative 
	Negative
	Negative 

	pKa
	2,64
	3,78
	1,6

	ADI
	0,02 mg/kg bw/day
	0.01 mg/kg bw/day
	0,02 mg/kg bw/day

	AOEL
	0,02 mg/kg bw/day
	0.04 mg/kg bw/day
	None allocated

	ARfD
	0,30 (mg/kg bw/day)
	None allocated 
	0,1 mg/kg bw/day

	Used sources
	[30], [31], [32], [33], [34], [35], [30], [59],[36]
	[30], [37], [38], [39], [40], [41], [42], [43], [44]

	[45], [46], [47], [48], [49], [50], [51],[25]




[bookmark: _Hlk143000290][bookmark: _Toc153396339][bookmark: _Toc161780479]Table of plain metabolites of 2,4-D
	Metabolites of 2,4-D
	Aliases
	Major/Minor fraction
	Estimated maximum occurrence fraction
	Formation medium/ Rate

	2,4-dichorophenol
	2,4-DCP
	Major fraction
	0,380
	Soil

	2,4-dichloroanisole
	-
	Major fraction
	0,150
	Soil 

	4-chlorophenol
	4-CP
	Major fraction
	0,330
	Soil

	(4-chorophenoxy) acetic acid
	-
	-
	-

	-

	(2,4-dichloro-5-hydrophenoxy) acetic acid
	5-OH-2,4-D
	-
	-
	Plant

	(2,3-dichloro-4-hydrophenoxy) acetic acid
	4-OH-2,3-D
	-
	-
	Plant

	(2,5-dichloro-4-hydrophenoxy) acetic acid
	4-OH 2,5-D
	-
	-
	Plant 

	1,2,4-benzenetriol
	-
	-
	-
	Water (photolysis)

	2-ethylhexyl (2,4-dichorophenoxy) acetate
	2,4-D 2-EHE
	-
	-
	-


Table 2 Metabolites of 2,4-D
Source: [59]
[bookmark: _Toc153396340][bookmark: _Toc161780480] Table of plain metabolites of Atrazine
	Metabolites of Atrazine
	Aliases
	(Major/Minor) fraction / relevancy in groundwater
	Estimated maximum occurrence fraction
	Formation medium / Rate

	6-deisopropylatrazine
	DIA
	Major fraction
	0,33
	Soil

	desethylatrazine
	DEA
	Major fraction / Relevant 
	0,21
	Soil

	2-hydroxyatrazine
	HYA
	Minor fraction / Relevant
	NI
	Soil/ Groundwater

	deisopropyldeethylatrazine
	-
	Minor fraction / 
Not relevant 
	0,08
	Soil /Groundwater 

	deethylhydroxyatrazine
	-
	Minor fraction
	0,08
	Soil

	deisopropylhydroxyatrazine
	-
	Minor fraction
	0,08
	Soil

	deisopropyldeethylhydroxy atrazine
	-
	Minor fraction 
	0,004
	Soil

	Diaminochlorotriazine
	DACT
	Relevant
	NI
	NI


Table 3 Metabolites of Atrazine
Source: [60]
[bookmark: _Toc153396341][bookmark: _Toc161780481][bookmark: _Hlk143000159] Table of plain metabolites of Mecoprop
	Metabolites of Mecoprop 
	Aliases
	(Major/Minor) fraction / relevancy in groundwater
	Estimated maximum occurrence fraction
	Formation medium / Rate

	4-chloro-2-methylphenol
	-
	Minor fraction 
	0,035 
	Soil

	[bookmark: _Hlk143096596]4-chloro-2-methylphenol sulfate
	-
	NI
	NI
	NI


Table 4 Metabolites of Mecoprop
Source: [58]
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