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Abstract. The widespread use of pesticides for agricultural purposes 

results in their presence in the environment. Pesticide occurrence is 

causing potential negative impacts on human health and environmental 

deterioration in general. One of the interdisciplinary field to implement a 

technology for converting and conserving resources is bioelectrochemistry. 

An integrated system based on bioelectrochemical processes, namely 

Bioelectrochemical System (BES), has been well developed to date.  

The application of BES to remove various materials in the bioremediation 

process has been well established in the combination with diverse 

technologies. The set up of integrated BES with Granular Activated 

Carbon (GAC) is one of the promising solutions to enhance the removal of 

the pesticide in water. The BES in situ has been implemented to remove 

contaminants in groundwater. This mini-review discusses the recent 

development of pesticide removal and environmental remediation using 

bioelectrochemical approaches, offering new insight into the big scope of 

green technology application. 
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1 Introduction 

The necessity of sustainable energy and environmental awareness propels the exploration 

and development of sustainable bioenergy resources [1]. One of the biotechnological 

approaches to implementing novel means of converting and conserving resources is the use 

of Bioelectrochemical Systems (BES) [2, 3]. BES can thereby be utilized to generate 

bioelectricity from renewable (often waste) carbon sources or to sustainably produce 

platform chemicals through the interaction of microorganisms with a polarized electrode 

[4]. Therefore, BES is also a device that can be applied in the bioprocess of platform 

chemicals conversion [5]. 

 As a bioprocessing system, BES involves microbial whole-cell biocatalysts to drive 

oxidation and reduction (redox) reactions at solid electrodes [6]. One example of a BES  

technology is the Microbial Fuel Cell (MFC). In this system, the microorganism catabolizes 

                                                 
* Corresponding author: desy_askito@staff.ubaya.ac.id 

 

, 00035 (2023) https://doi.org/10.1051/e3sconf/202337400035E3S Web of Conferences 374
3rd NRLS

  © The Authors,  published  by EDP Sciences.  This  is  an  open  access  article  distributed  under  the  terms  of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/). 



the organic matter and the electron produced from this catabolism reaction will be accepted 

by the BES anode [7]. To generate electricity, this electron moves through an external 

circuit to a cathode, where it combines with oxygen and protons to form water [8].  

A potentiostatically controlled BES is usually used to simplify the BES study in the 

laboratory. In general, a potentiostatically controlled BES consists of the working electrode 

(anode), at which the microbial oxidation processes take place, a counter electrode 

(cathode), and a reference electrode, which has a stable and well–known electrode  

potential [9]. 

 The extracellular electron transfer mechanism between microorganisms and electrodes 

can be differentiated into Direct Electron Transfer (DET) and indirect (mediated) electron 

transfer [10]. DET involves physical contact of the bacterial redox-active membrane with 

the anode of the BES, e.g. through nanowires and c–type cytochromes. On the other hand, 

MET involves a redox shuttling compound as the primary electron transfer pathway, which 

can either be exogenous (artificially added to the system) or endogenous (naturally 

synthesized by the microorganism) [11, 12]. 

 The use of BES, specifically MFC has shown promising potential in degrading organic 

matter and generating electricity for wastewater with high loading of organic content or 

organic substrate with a concentration in a range of hundredth up to thousands mg L–1 [13]. 

However, there were limited studies focused on trace organic compounds, such as 

pesticides in water with a concentration of one to hundredth µg L–1, to date [14]. In this 

mini-review, a literature study on BES application to remove pesticides from the water was 

conducted. Moreover, the use of Granular Activated Carbon (GAC), the common adsorbent 

media to remove pesticides, as bioanode is discussed. 

2 Occurrence of pesticides in water 

Pesticides are used in agriculture to control insects, weeds, slugs, and snails. Several 

countries, either upper-middle– and lower-middle– countries have experienced growth in 

the intensity of pesticide use, resulting in an increase in pesticide pollution to water [15]. 

Sometimes, in its application, unwanted residues of pesticides can be washed into water 

bodies, either to surface water and groundwater, from the soil by rainfall or surface runoff 

[16]. The widespread use of pesticides results in their presence in raw water in drinking 

water treatment and in sewage water treatment. 

 Several pesticides are non-biodegradable compounds, that persist in soil, sediment, and 

water. Improper selection, use, and management of pesticides may lead to water pollution 

which ultimately causes carcinogens and other toxic effects on humans and other aquatic 

biotas [15]. Additionally, pesticides also have the ability to affect biodiversity, by killing 

weeds, pests, and/or herbs, thereby causing negative impacts on the food chain. 

3 Current methods for pesticides removal in water 

The treatability of pesticides depends on their physical and chemical properties, such as 

whether the pesticides are polar or non–polar, are hydrophobic or hydrophilic, and/or are 

aromatic or aliphatic [17]. Several methods have been developed to remove pesticides in 

water, including physical, chemical, and biological methods. The most common method to 

remove pesticides in water is through physical adsorption using Activated Carbon (AC).  

AC is an organic material with a highly porous structure that is produced through the 

activation process, making it efficient in adsorbing small–organic compounds in water, 

such as pesticides [18]. However, some polar pesticides such as metaldehyde are weakly 
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adsorbed to AC, making them poorly removed using conventional adsorption using  

AC [19].  

 Advanced Oxidation Processes (AOPs) are considered to be efficient in treating water 

and wastewater containing pesticides. AOPs involve the generation of highly oxidizing 

species, such as OH–radicals, which are able to degrade organic substances which may also 

involve ozonation and UV irradiation [20]. However, incomplete degradation and 

formation of toxic by-products are some of the limitations of using AOPs [21], making a 

high dosage of chemicals is sometimes required to remove pesticides and their by-products 

completely from the water. 

 The biological method usually performs a complete conversion of pesticides into less 

harmful end products, making this method is considered to be environmentally friendly 

[22]. However, this method itself is highly affected by operational conditions, such as the 

level of the organic loading, pH, temperature, and oxygen level in the system. A 

combination of chemical oxidation with the biological process to remove pesticides was 

also being explored as it demonstrated a high removal of 90 % to 100 % for pesticide 

dethamerthin in 210 min [23]. 

4 Application of BES for pesticide removal 

4.1 The BES application for in situ water remediation 

BES can be used as an efficient and cost-effective monitoring device that allows 

information on microbial respiratory activity and the concentration of substrate or 

contaminants in contaminated aquifers to be obtained. This process is the concept of 

applying bioremediation or natural attenuation. The method has been applied in the 

utilization of organic carbon to stimulate the biodegradative activity of reducing metals 

bacteria, such as Geobacter. Basically, the system can be used to track the activity of either 

reducing or oxidizing contaminants by microorganisms that depend on electrodes serving as 

electron donors or acceptors [24]. A critical review published in 2014 suggested that BES 

was able to remove recalcitrant pollutants from water, including chlorophenols which is a 

particular group of chlorinated pollutants that are toxic and difficult to be degraded 

naturally [25].  

 
Fig. 1. Schematic image of a BES for in situ groundwater contaminated with pesticide  

(adopted from [24]) 
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 Currently, bioelectrochemical methods have mostly been tested using electrodes that 

function as electron donors to reduce oxidized organic and inorganic contaminants 

(including chlorinated hydrocarbons, nitrates, perchlorates, and metals). In bioremediation, 

microorganisms need a suitable electron donor. Therefore, this contaminant bioremediation 

method is usually based on a continuous supply of chemicals, as electron donors, to 

maintain microbial degradation activity. In this process, various substances such as 

hydrogen gas, acetate, lactate, alcohol, and organic substrates which are durable and not 

easily degraded, are able to be decomposed slowly (release of H2 and acetate) [26]. 

 The BES set up for in situ groundwater contaminated with pesticide remediation can be 

seen in Figure 1. Electrodes made of conductive and non–corrosive materials are placed in 

the aquifer to form a permeable and reactive barrier that resists contamination. Bacteria that 

interact with the electrode surface will use contaminants as electron donors. Biologically, 

the contaminants are converted into products that are not toxic or precipitate. Anodic 

reactions are indicated by the conversion of water oxygen to molecular oxygen. In this case, 

the oxygen generated at the anode can play a role in further biodegradation processes along 

the aquifer pathway [24].  

4.2 Granular activated carbon (GAC) as electrode  

In the past decade, research on MFCs has expanded from electricity production and 

wastewater treatment to remediation technologies, chemicals production, and low power 

applications. Recently, capacitors have been implemented to improve the power output of 

these systems when applied in wastewater treatment processes. Specifically, the use of 

granular capacitive materials (e.g. granular activated carbon, GAC) as bioanodes has 

offered new opportunities for reactor designs and upscaling of the technology [27]. One of 

the main features of these systems is that charge and discharge processes can be separated, 

which offers multiple advantages over more conventional reactor types.  

 The phenomena that occurred in GAC as bioanode are: (i) the GAC will have 

electroactive biofilm growth on its surface area and (ii) current will be produced by the 

biofilm through the substrate or contaminant oxidation which later is stored in the carbon 

pores forming electrical double layer [27]. The performance of GAC as a bioanode is 

highly dependent on its physicochemical properties, specifically its surface area [27]. The 

surface area represents active sites where contaminants can be adsorbed and, in some cases, 

react chemically. As bioanode, GAC with a large external surface area to volume ratio was 

preferable [27]. In general cases of organic compound adsorption on carbon, the higher the 

surface area, the higher its adsorption ability towards the compound [28].  

Biofilm formation on GAC is also an important aspect to be considered [27]. GAC was 

shown to be a suitable media for the attachment of microorganism biofilm, making it has 

the ability to biosorb heavy metals and organic contaminants in water [29]. However, the 

suitability of GAC to be used as bioanode is not solely based on its surface area or its 

ability to support biofilm formation, the source material of GAC, its chemical properties, 

such as pH, pH at zero point charge, and surface functional groups of the GAC are also 

important to be considered.  

 As the GAC has the charge storage capacity and is possibly applicable for intermittent 

operation, GAC bioanode can be designed into different types of reactor, namely: (i) fixed 

or packed bed reactor, where the contact with the current collector is constant and the 

operation can be continuous or intermittent; (ii) a cell where GAC is mobilized; and  

(iii) a fluidized and recirculated bed reactor to a smaller cell where the GAC will be in 

contact with the anode electrode [27]. Opting for the type of reactor depends on the density 

of the GAC, clogging risk, and the energy required for the reactor operation. 
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4.3 Application of BES with GAC electrode for removing pesticides 

MFCs have been used as biosensors for water quality monitoring, where electrochemically 

active microorganisms convert certain organic compounds into energy. A recent study on a 

mini membrane-less single-chamber MFC biosensor showed a promising ability of MFC in 

detecting atrazine at a low concentration of 0.05 mg L–1 to 10 mg L–1 [14], suggesting that 

MFC has the potential to be used to degrade other pesticides in water through an 

electrochemical and biological process.  

 A study [30] on pesticides removal by microbial cells adsorbed to magnetite may 

indicate that other adsorbent media, such as GAC potentially aid the degradation of 

pesticides by MFC. A similar process to antibiotic removal using MFCs [31], a pesticide 

may act as an electron acceptor or carbon source in the bioanode, which is GAC in this 

case.  

As GAC is a versatile adsorbent media, GAC may have a high affinity and attract 

pesticides, making it a suitable bioanode. Pesticides then are degraded by microorganisms 

in the cathode or by an electrochemical reaction. 

5 Conclusions 

In recent years, BES has shown its potential to treat contaminants in water and is seen as an 

environmentally–friendly approach to treat water containing recalcitrant pollutants, such as 

pesticides. Recent studies showed the BES potential to be applied for in situ groundwater 

contaminated with pesticide remediation. Moreover, this review has shown the opportunity 

the use GAC as a bioanode for BES application to remove pesticides from water. However, 

further research on the role of GAC whether as an adsorbent and/or bioanode in BES 

system is still required prior to its application. 

References 

1. N.D. Kaushika, K.S. Reddy, K. Kaushik. Springer Cham. (2016). p. 1–15. 

https://doi.org/10.1007/978-3-319-29446-9_1 

2. N. Khan, M.D. Khan, A.S. Nizami, M. Rehan, A. Shaida, A. Ahmad, et al. RSC Adv. 

8,37:20726–20736(2018). 

https://scholar.google.co.id/scholar?hl=id&as_sdt=0%2C5&q=Energy+generation+thr

ough+bioelectrochemical+degradation+of+pentachlorophenol+in+microbial+fuel+cell

&btnG= 

3. N. Yasri, E.P.L. Roberts, S. Gunasekaran. Energy Rep. 5:1116–1136(2019).  

https://doi.org/10.1016/j.egyr.2019.08.007 

4. S. Bajracharya, M. Sharma, G. Mohanakrishna, X.D. Benneton, D.P.B.T.B. Strik, 

P.M. Sarma, et al. Renew. Energy. 98:153–170(2016).  

https://doi.org/10.1016/j.renene.2016.03.002 

5. K. Rabaey, R.A. Rozendal. Nat. Rev. Microbiol. 8,10:706–716(2010).  

http://doi.org/10.1038/nrmicro2422 

6. M.A. Rosenbaum, A.W. Henrich. Curr. Opin. Biotechnol. 29:93–98(2014). 

https://doi.org/10.1016/j.copbio.2014.03.003 

7. M. Rahimnejad, A. Adhami, S. Darvari, A. Zirepour, S–E.  Oh. Alex. Eng. J. 

54,3:745–756(2015). https://doi.org/10.1016/j.aej.2015.03.031 

8. K. Watanabe, M. Manefield, M. Lee, A. Kouzuma. Curr. Opin. Biotechnol. 20,6:633–

641(2009). https://doi.org/10.1016/j.copbio.2009.09.006 

9. D. Pant, A. Singh, G. Van Bogaert, S.I. Olsen, P.S. Nigam, L. Diels et al. RSC Adv. 

2,4:1248–1263(2012). 

 

, 00035 (2023) https://doi.org/10.1051/e3sconf/202337400035E3S Web of Conferences 374
3rd NRLS

5

https://doi.org/10.1016/j.egyr.2019.08.007
https://doi.org/10.1016/j.renene.2016.03.002
http://doi.org/10.1038/nrmicro2422
https://doi.org/10.1016/j.copbio.2014.03.003
https://doi.org/10.1016/j.aej.2015.03.031
https://doi.org/10.1016/j.copbio.2009.09.006


https://scholar.google.co.id/scholar?hl=id&as_sdt=0%2C5&q=Bioelectrochemical+sy

stems+%28BES%29+for+sustainable+energy+production+and+product+recovery+fro

m+organic+wastes+and+industrial+wastewaters&btnG= 

10. K. Rabaey, W. Verstraete. Trends Biotechnol. 23,6:291–298(2005).  

https://doi.org/10.1016/j.tibtech.2005.04.008 

11. A. Venkataraman, M.A. Rosenbaum, S.D. Perkins, J.J. Werner, L.T. Angenent. 

Energy Environ. Sci. 4,11:4550–4559(2011).  

https://www.researchgate.net/profile/Largus_Angenent/publication/224954001_Metab

olite-

based_mutualism_between_Pseudomonas_aeruginosa_PA14_and_Enterobacter_aerog

enes_enhances_current_generation_in_bioelectrochemical_systems/links/57509a9c08

aef67d0d89fe4e.pdf 

12. S. Schmitz, S. Nies, N. Wierckx, L.M. Blank, M.A. Rosenbaum. Front. Microbiol. 

6,284:1–13(2015). https://doi.org/10.3389/fmicb.2015.00284 

13. D. Pant, G. Van Bogaert, L. Diels, K. Vanbroekhoven. Bioresour. Technol. 

101,6:1533–1543(2010). https://doi.org/10.1016/j.biortech.2009.10.017 

14. J. Chouler, M. Di Lorenzo. Water Sci. Technol. 79,12:2231–2241(2019). 

https://doi.org/10.2166/wst.2019.207 

15. J. Mateo–Sagasta, S. Marjani Zadeh, H. Turral. Water pollution from agriculture: a 

global review. J. Burke (eds). Rome and Colombo: FAO (2017). p. 1–29. 

https://books.google.co.id/books?hl=id&lr=&id=edo9DwAAQBAJ&oi=fnd&pg=PA1

&dq=Water+pollution+from+agriculture:+a+global+review.&ots=mUsONGxD02&si

g=IqAf8oIvOfCP8LkL1Ap1K18kefs&redir_esc=y#v=onepage&q=Water%20pollutio

n%20from%20agriculture%3A%20a%20global%20review.&f=false 

16. O. Autin, J. Hart, P. Jarvis, J. MacAdam, S.A. Parsons, B. Jefferson. Water Res. 

46,17:5655–5662(2012). https://doi.org/10.1016/j.watres.2012.07.057 

17. M. Sillanpää, M. Shestakova. Electrochemical Water Treatment Methods (2017).  

p. 1–46. https://doi.org/10.1016/B978-0-12-811462-9.00001-3 

18. H. Marsh, F. Rodríguez–Reinoso. Activated Carbon. 1st ed. India: Elsevier Science & 

Technology Books. (2006). p. 1–506.  

https://books.google.co.id/books?hl=en&lr=&id=UaOXSk2vFVQC&oi=fnd&pg=PP1

&dq=Marsh,+H.,+Rodr%C3%ADguez%E2%80%93Reinoso,+F.,+(2006).+Activated

+Carbon&ots=QxVcdRIvRr&sig=uf6DdG80VzkqsUFNdjfvmR7lL-

o&redir_esc=y#v=onepage&q=Marsh%2C%20H.%2C%20Rodr%C3%ADguez%E2

%80%93Reinoso%2C%20F.%2C%20(2006).%20Activated%20Carbon&f=false 

19. R. Busquets, O.P. Kozynchenko, R.L.D. Whitby, S.R. Tennison, A.B. Cundy. Water 

Res. 61:46–56(2014). https://doi.org/10.1016/j.watres.2014.04.048 

20. D.B. Miklos, C. Remy, M. Jekel, K.G. Linden, J.E. Drewes, U. Hübner. Water Res. 

139:118–131(2018). https://doi.org/10.1016/j.watres.2018.03.042 

21. A. Tufail, W.E. Price, F.I. Hai. Chemosphere 260:127460(2020).  

https://doi.org/10.1016/j.chemosphere.2020.127460 

22. A. Marican, E.F. Durán–lara. Environ. Sci. Pollut. Res. 25:2051–2064(2018). 

https://doi.org/10.1007/s11356–017–0796–2 or 

https://www.researchgate.net/profile/Esteban_Duran-

Lara/publication/321339657_A_review_on_pesticide_removal_through_different_pro

cesses/links/5a870054aca272017e5a7c01/A-review-on-pesticide-removal-through-

different-processes.pdf 

23. W.K. Lafi, Z. Al–Qodah. J. Hazard. Mater. 137,1:489–497(2006).  

https://doi.org/10.1016/j.jhazmat.2006.02.027 

24. F. Harnisch, F. Aulenta, U. Schröder. Comprehensive Biotechnology 2nd ed. 

6,49:643–659(2011). https://doi.org/10.1016/B978-0-08-088504-9.00462-1 

 

, 00035 (2023) https://doi.org/10.1051/e3sconf/202337400035E3S Web of Conferences 374
3rd NRLS

6

https://doi.org/10.1016/j.tibtech.2005.04.008
https://doi.org/10.3389/fmicb.2015.00284
https://doi.org/10.1016/j.biortech.2009.10.017
https://doi.org/10.2166/wst.2019.207
https://doi.org/10.1016/j.watres.2012.07.057
https://doi.org/10.1016/j.watres.2014.04.048
https://doi.org/10.1016/j.watres.2018.03.042
https://doi.org/10.1016/j.chemosphere.2020.127460
https://doi.org/10.1007/s11356-017-0796-2
https://doi.org/10.1016/j.jhazmat.2006.02.027


25. Y. Zhang, I. Angelidaki. Water Res. 56:11–25(2014).  

https://doi.org/10.1016/j.watres.2014.02.031 

26. D. Cecconet, F. Sabba, M. Devecseri, A. Callegari, A.G. Capodaglio. Environ. Int. 

137:105550(2020). https://doi.org/10.1016/j.envint.2020.105550 

27. L. Caizan–Juanarena, T. Sleutels, C. Borsje, A.T. Heijne. Renew. Energy. 157:782–

792(2020). https://doi.org/10.1016/j.renene.2020.05.049 

28. J. Demarco, R. Miller, D. Davis, C. Cole. Granular Activated–Carbon System, in: 

M.J. McGuire, I.H. Suffet, (Eds.), Treatment of Water by Granular Activated Carbon. 

American Chemical Society (1983). p. 525–572.  

https://scholar.google.co.id/scholar?hl=id&as_sdt=0%2C5&q=granular+activated+car

bon+management+at+a+water+treatment+plant&btnG= 

29. J.A. Scott, A.M. Karanjkar, D.L. Rowe. Miner. Eng. 8,1–2:221–230(1995). 

https://doi.org/10.1016/0892-6875(94)00115-S 

30. I.C.M. Rae. Water Res. 19,7:825–830(1985). https://doi.org/10.1016/0043- 

1354(85)90139-3 

31. W. Yan, Y. Xiao, W. Yan, R. Ding, S. Wang, F. Zhao. Chem. Eng. J. 358:1421–

1437(2019). https://doi.org/10.1016/j.cej.2018.10.128 

 

, 00035 (2023) https://doi.org/10.1051/e3sconf/202337400035E3S Web of Conferences 374
3rd NRLS

7

https://doi.org/10.1016/j.watres.2014.02.031
https://doi.org/10.1016/j.envint.2020.105550
https://doi.org/10.1016/j.renene.2020.05.049
https://doi.org/10.1016/0043-

