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HIGHLIGHTS 

-Microbial fuell cells are used as tool for clogging assessment in constructed wetlands 

-Microbial fuell cells were loaded with sludge from construced wetlands 

-Sludge retained within the systems simulated a clogging time ranging from 0.2 to ca. 5 years 

-Electrons transferred decreased potentially as function of sludge loading 

-Microbial fuel cells has potential for clogging assessment tool 
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Abstract. 9 

Clogging in HSSF CW may result in a reduction of system’s life-span or treatment efficiency. 10 

Current available techniques to assess the degree of clogging in HSSF CW are time consuming and 11 

cannot be applied on a continuous basis. Main objective of this work was to assess the potential 12 

applicability of microbial fuel cells for continuous clogging assessment in HSSF CW. To this aim, 13 

two replicates of a membrane-less microbial fuel cell (MFC) were built up and operated under 14 

laboratory conditions for five weeks. The MFC anode was gravel-based to simulate the filter media 15 

of HSSF CW. MFC were weekly loaded with sludge that had been accumulating for several years in 16 

a pilot HSSF CW treating domestic wastewater. Sludge loading ranged from ca. 20 kg TS
.-1

.m
-3

.year 17 

at the beginning of the study period up to ca. 250 kg TS
.-1

.m
-3

.year at the end of the study period. 18 

Sludge loading applied resulted in sludge accumulated within the MFC equivalent to a clogging 19 

degree ranging from 0.2 years (ca. 0.5 kg TS/m
3

wetland) to ca. 5 years (ca. 10 kg TS/m
3

wetland).  20 

Results showed that the electric charge was negatively correlated to the amount of sludge 21 

accumulated (degree of clogging). Electron transference (expressed as electric charge) almost 22 

ceased when accumulated sludge within the MFC was equivalent to ca. 5 years of clogging (ca. 10 23 

kg TS/m
3

wetland). This result suggests that, although longer study periods under more realistic 24 

conditions shall be further performed, HSSF CW operated as a MFC has great potential for 25 

clogging assessment.  26 
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Horizontal subsurface flow constructed wetlands (HSSF CW) are natural wastewater treatment 30 

systems that consist of gravel beds planted with macrophytes (García et al., 2010). In HSSF CWs 31 

pollutants are removed by means of physical, chemical and biological processes. HSSF CWs are 32 

generally used as secondary treatment units for the removal of contaminants (mainly organic matter) 33 

contained in domestic wastewater. HSSF CWs suffers from a progressive media obstruction, the so-34 

called clogging process. Clogging is a complex phenomena derived from the retention of 35 

organic/inorganic particles, precipitation, biofilm formation and root-system growth (Knowles et al., 36 

2011; Pedescoll et al., 2011a). It is widely accepted that clogging is one of the major operational 37 

problems of HSSF CWs (Kadlec and Wallace, 2009; Knowles et al., 2011; Nivala et al., 2012). Loss 38 

of hydraulic conductivity, creation of preferential water-flows, ponding and reduction of both 39 

treatment efficiency and system’s life-span are some of the consequences of clogging (Caselles-40 

Osorio and García, 2006; Knowles et al., 2011; Nivala et al., 2012; Wallace and Knight, 2006). To 41 

mitigate/reverse the clogging, different strategies (both preventive and/or restorative) are currently 42 

envisaged (Nivala et al., 2012).  The quantification of total solids entrapped within the filter media 43 

is one of the most widely used techniques/strategies to assess the degree of clogging of HSSF CW. 44 

However, this procedure is time consuming, results in methodological inaccuracies due to sample 45 

manipulation and cannot be applied on a continuous basis.  A great extent of the particulate material 46 

retained within HSSF CW is of organic nature (Knowles et al., 2011; Pedescoll et al., 47 

2011a).Therefore, microbial fuel cells (MFC) could be a suitable technology for clogging 48 

assessment. MFCs are bioelectrochemical devices that generate electricity from the degradation of 49 

organic matter by means of exoelectrogenic bacteria as catalysts (Logan, 2008). MFC 50 

implementation in HSSF CWs has been already carried out taking benefit of the natural redox 51 

gradient existing between the upper and the bottom part of the treatment bed (Corbella et al., 2016, 52 

2015, 2014). Furthermore, MFCs have been also described as a suitable technology for 53 

bioindication purposes. Accordingly, MFC can produce an electric current proportional to the 54 

amount of organic matter present in the system. So far, the electric current generated by a MFC has 55 

been successfully correlated to organic substrates such as artificial wastewater and real domestic 56 

wastewater (Chang et al., 2004; Di Lorenzo et al., 2009; Gil et al., 2003; Juang et al., 2011; Liu et 57 

al., 2000). The main objective of the present work was to determine whether MFC could be of use 58 

to quantitatively assess the total amount of organic particles retained within the gravel matrix so as 59 

to have a non disruptive, continuous clogging assessment tool. To the authors knowledge this is the 60 

first attempt to use MFC as a clogging assessment tool.  61 

Materials and methods 62 

Set-up configuration 63 



For the purpose of this work two lab-scale membrane-less microbial fuel cells (MFC) were set up 64 

and operated for 5 weeks (Figure 1). Each MFC consisted of two chambers (the cathodic and anodic 65 

chambers). The anodic chamber consisted of a PVC cylinder of 9 cm diameter and 30 cm of height 66 

filled up with gravel wrapped in stainless steel mesh (marine grade 316L). The anode camber of the 67 

MFC was designed to simulate a core of a shallow wetland gravel bed where the electrons derived 68 

from exoelectrogens organic matter oxidation would be transferred to the electron collector 69 

(stainless steel mesh).  In order to ensure adequate mixing conditions, water inside the anode 70 

chamber was continuously recirculated by means of a peristaltic pump (Damova MP-3035-6M; 71 

Toshiba VF-nC3). The cathode chamber consisted of a PVC cylinder placed just above the anode 72 

chamber filled up with 5 pieces of graphite felt (Alfa Aesar, 1.12 cm thick, 99.9 %; metal basis) of 73 

60 cm
2
 each inter-connected using stainless steel wires (marine grade 316L). A layer of glass wool 74 

was placed between the anode and the cathode chamber so as to avoid any oxygen leaking from the 75 

cathode (Venkata Mohan et al., 2008). The anode and the cathode were externally connected by 76 

means of copper wires through an external resistance of 1000 ohms. MFCs were operated under 77 

MFC mode thus no external energy was provided. Finally, voltages generated were measured across 78 

the external resistance and stored every minute by means of a datalogger (Campbell Scientific 79 

CR1000). 80 

 81 

Figure 1 Out-line of the MFC used to conduct the experiment.  82 

Sludge collection, experimental design and clogging assumptions 83 

Sludge was supplied to the MFC on a weekly basis and current produced by the MFC was 84 

monitored for six days after each sludge load.  MFCs were loaded in batch mode with sludge 85 

collected from the bottom of a HSSF CW pilot plant that had been treating domestic wastewater for 86 

several years (Corbella et al., 2016). Solids accumulation in HSSF CWs is one of the main causes 87 

for clogging (Caselles-Osorio et al., 2007). Therefore, the introduction of HSSF CW sludge was 88 

considered to fairly simulate the clogging process derived from solids accumulation within the filter 89 



media of HSSF CW. Note that although particles accumulation is one of the main processes 90 

contributing to the progressive media obstruction in wetlands, clogging is also the result of other 91 

processes such as precipitation, root growth, biofilm growth, etc…. Therefore, we shall point out 92 

that in this work we are mainly addressing the clogging process derived from particles accumulation. 93 

The experiment lasted until the electric charge produced by the MFC was close to zero (five weeks). 94 

The sludge used to load the systems was collected and concentrated by sedimentation during 1 95 

week at 4ºC. The concentrated sludge was then analyzed (CW sludge, Table 1) and lately diluted 96 

with tap water to achieve the desired concentrations. Each week the systems were fed with an 97 

increasing sludge load. Accordingly, sludge loading ranged from ca. 20g TS
.-1

.m
-3

.year at the 98 

beginning of the study period up to ca. 250 g TS
.-1

.m
-3

.year at the end of the study period (Table 1).  99 

For the estimation of clogging time essayed we assumed that one year of clogging corresponded to 100 

the accumulation of 2 kg TS/m
3
.year (Caselles-Osorio et al., 2007). The sludge provided to each of 101 

the MFC replicate was as homogeneously distributed as possible along the length of the anode. It is 102 

important to note that no wastewater was used in this experiment (sludge provided was mixed with 103 

tap water prior to supply it to the MFC). Therefore, the electric signal recorded in our MFC derived 104 

solely from the oxidation of the sludge provided.  105 

Cumulative sludge retention (    in kg TS/m
3
) at a certain week (w) was calculated by means of 106 

the sum of the sludge accumulated during previous weeks (ACCi in kg TS/m
3
) plus the sludge 107 

loading at the week in course (        in kg TS/m
3
)(Eq.1). The sludge accumulated (ACCi) at a 108 

specific week (i) was calculated as the sludge supplied (TS (IN)i in kg TS/m
3
) minus the sludge at 109 

the effluent (TS(OUT)i in kg TS/m
3
) (Eq. 2).  110 

             
     
                                           111 
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 118 

Table 1 Average and standard deviation (in brackets) of physical and chemical parameters of the sludge employed and experimental conditions tested.  119 
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Sludge Operational conditions 

 
 

 
 

TS  
(g/L) 

VS 
(g/L)  

DQOtot 

(mgO2/L) 
DQOsol 

(mgO2/L) 
NH4

+
 - N       

(mgNH4
+
-N/L) 

Sludge  

Loading 
(kgTS/m

3
CW·year) 

Organic  

Loading             
(gO2/m

3
CW·year) 

Sludge 

accumulated 
(kgTS/m

3
CW) 

Cumulative 

clogging time 
(years)  

 

 
Raw 

39.1 

(0.7) 

25.5 

(1.3) 

58,100 

(1,926) 

933 

(109) 

87.4 

(1.3) 
- - - - 

E
x

p
er

im
en

ta
l 

W
ee

k
s 

1 1.0  0.6 741  87  2.8  21.5 15.5 0.5 (0.0) 0.2 (0.0) 

2 1.8 1.0  918 144  8.9  37.6 19.1 1.2 (0.1) 0.6 (0.1) 

3 4.0 2.5 1,640 249  10.7 82.5 34.2 2.9 (0.2) 1.4 (0.1) 

4 8.7  6.2  5,408 524  17.9  180.9 112.8 6.4 (0.8) 3.2 (0.4) 

5 12.1 8.5  16,700 674 24.6  252.0 348.3 10.2 (1.2) 5.1 (0.6) 
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Physico-chemical analyses 127 

Samples were analyzed before and after each batch test (Table 1). Quality parameters analyzed 128 

during the experiment were that of total solids (TS), volatile solids (VS), total and soluble chemical 129 

oxygen demand (CODtot and CODsol) and ammonium nitrogen. Water quality parameters were 130 

analyzed following APHA (2005). 131 

Results and discussion 132 

MFC for clogging assessment 133 

Clogging is one of the main operational problems of HSSF CWs and it has been traditionally 134 

assessed by means of the quantification of solids accumulated within the gravel matrix (Caselles-135 

Osorio et al., 2007). However, this procedure is time consuming, cannot be applied on a continuous 136 

basis and results are not entirely reliable due to methodological inaccuracies derived from sample 137 

manipulation (Pedescoll et al., 2011a). To avoid direct measurements, two indirect clogging 138 

assessment methodologies have been proposed: (1) hydraulic conductivity measurements (Pedescoll 139 

et al., 2012, 2011b), and (2) tracer tests (Nivala et al., 2012). However, these methods still require 140 

of exhaustive and time consuming sampling/measuring campaigns and cannot be applied on a 141 

continuous basis.  In this study MFCs were loaded with increasing sludge dosages. As expected, the 142 

sludge retained within the systems had a direct effect on the MFC functioning (Figure 2). The 143 

electric current generated by a MFC has been positively correlated to the concentration of organic 144 

substrates such as artificial wastewater and real domestic wastewater (Chang et al., 2004; Di 145 

Lorenzo et al., 2009; Gil et al., 2003; Juang et al., 2011; Liu et al., 2000). However, our results 146 

showed that sludge retention was negatively correlated with the electrons transferred to the circuit 147 

for each batch test performed (Figure 2). Hence, the higher the sludge accumulated within the MFC 148 

the lower the amount of electrons transferred. These results are consistent with previous 149 

publications, where higher organic matter concentrations were negatively correlated to the current 150 

generated in a single chamber MFC (Sharma and Li, 2010). Author’s hypothesis behind the 151 

reduction of current generated under higher particles accumulation is that of the bacterial activity 152 

decreases due to limited substrate availability. Accordingly, the lower the pore space available 153 

within the filter media, the lower the substrate availability for exoelectrogens and the lower the 154 

amount of electrons transferred. This hypothesis is consistent with that described for the general 155 

functioning of bacterial activity in horizontal subsurface flow constructed wetlands (Samsó and 156 

García, 2014). 157 

 Correlations between specific electric charge and solids accumulated followed a potential equation, 158 

regardless the contact time considered (Figure 2). Results showed that after an equivalent clogging 159 



time of ca. 5 years the MFC was no longer able to produce any significant electric charge (Figure 2). 160 

This result suggests that, although longer study periods under more realistic conditions shall be 161 

further performed, MFC has great potential to be used as an indirect, continuous clogging 162 

assessment tool in constructed wetlands. 163 

It is important to point out that the specific electric charge (given a certain amount of sludge 164 

accumulated within the MFC) increased with the contact time (especially between 0.2 and 1.4 years 165 

of clogging) (Figure 3). Accordingly, the higher the elapsed time for a given amount of sludge 166 

accumulated the higher the electric charge produced. The production of a higher electric charge 167 

after a higher elapsed time is consistent with the fact that hydrolytic bacteria shall cut up complex 168 

substrates (such as the sludge here employed) before the exoelectrogens can oxidize simple 169 

substrates (such as volatile fatty acids) and transfer the electrons to the anode (Cusick et al., 2010; 170 

Kiely et al., 2011). Overall, although the electric charge was dependant on the contact time, the 171 

level of correlation between the electric charge and the amount of sludge retained (or clogging time 172 

essayed) was of similar magnitude (always showing R
2
>0.9), regardless the contact time considered 173 

(Figure 2). Therefore, from our results it seems that there is no specific contact time out of those 174 

here considered that results in better MFC performance in terms of clogging assessment.  175 



  176 

 177 

Figure 2. Specific electric charge against both the accumulated total solids (TS) and the equivalent 178 

clogging time for a selected set of days of contact time.  179 

 180 

 181 



 182 

Figure 3. Specific electric charge as function of the elapsed time for a given estimated clogging 183 

time. Note that error bars are depicted within the figure, yet due to low data variability it is difficult 184 

to appreciate it. 185 

Conclusions 186 

The sludge retained within the microbial fuel cells (MFC) had a direct effect on the MFC 187 

performance. Accordingly, the higher the sludge accumulated within the MFC the lower the amount 188 

of electrons transferred. The electric charge decreased as function of sludge retained following a 189 

potential equation. 190 

After ca. 5 years of estimated clogging time the MFC was no longer able to produce any significant 191 

electric charge. This result suggests that, although longer study periods under more realistic 192 

conditions shall be further performed, MFC has great potential to be used as an indirect, continuous 193 

clogging assessment tool in constructed wetlands. 194 

Electric charge was dependant on the contact time. Accordingly, the higher the contact time the 195 

higher the amount of electrons transferred to the circuit. However, the correlation between the 196 

electric charge and the amount of sludge retained (or clogging time essayed) was of similar 197 

magnitude (always showing R
2
>0.9), regardless the contact time considered. Therefore, the 198 

accuracy of the MFC for clogging assessment was independent of the contact time considered. 199 



Acknowledgments 200 

This study was funded by the Spanish Ministry of Science and Innovation (MICINN) (project 201 

CTM2010-17750). Authors thanks Noelia Gómez and Marc Fortet for their help, as undergraduate 202 

students, during the construction and experimental periods, respectively. Clara Corbella kindly 203 

acknowledges her PhD scholarship (2014 FI_AGAUR, Generalitat de Catalunya). 204 

References   205 

APHA-AWWA-WEF, 2005. Standard Methods for the Examination of Water and Wastewater. 21st 206 

ed. American Public Health Association, Washington, DC. 207 

Caselles-Osorio, A., García, J., 2006. Performance of experimental horizontal subsurface flow 208 

constructed wetlands fed with dissolved or particulate organic matter. Water Res. 40, 3603–11. 209 

doi:10.1016/j.watres.2006.05.038 210 

Caselles-Osorio, A., Puigagut, J., Segú, E., Vaello, N., Granés, F., García, D., García, J., 2007. 211 

Solids accumulation in six full-scale subsurface flow constructed wetlands. Water Res. 41, 212 

1388–98. doi:10.1016/j.watres.2006.12.019 213 

Chang, I.S., Jang, J.K., Gil, G.C., Kim, M., Kim, H.J., Cho, B.W., Kim, B.H., 2004. Continuous 214 

determination of biochemical oxygen demand using microbial fuel cell type biosensor. Biosens. 215 

Bioelectron. 19, 607–613. doi:10.1016/S0956-5663(03)00272-0 216 

Corbella, C., Garfí, M., Puigagut, J., 2014. Vertical redox profiles in treatment wetlands as function 217 

of hydraulic regime and macrophytes presence: Surveying the optimal scenario for microbial 218 

fuel cell implementation. Sci. Total Environ. 470-471, 754–8. 219 

doi:10.1016/j.scitotenv.2013.09.068 220 

Corbella, C., Guivernau, M., Viñas, M., Puigagut, J., 2015. Operational, design and microbial 221 

aspects related to power production with microbial fuel cells implemented in constructed 222 

wetlands. Water Res. 84, 232–242. doi:10.1016/j.watres.2015.06.005 223 

Cusick, R.D., Kiely, P.D., Logan, B.E., 2010. A monetary comparison of energy recovered from 224 

microbial fuel cells and microbial electrolysis cells fed winery or domestic wastewaters. Int. J. 225 

Hydrogen Energy 35, 8855–8861. doi:10.1016/j.ijhydene.2010.06.077 226 

Di Lorenzo, M., Curtis, T.P., Head, I.M., Scott, K., 2009. A single-chamber microbial fuel cell as a 227 

biosensor for wastewaters. Water Res. 43, 3145–54. doi:10.1016/j.watres.2009.01.005 228 

García, J., Rousseau, D.P.L., Morató, J., Lesage, E., Matamoros, V., Bayona, J.M., 2010. 229 



Contaminant Removal Processes in Subsurface-Flow Constructed Wetlands: A Review. Crit. 230 

Rev. Environ. Sci. Technol. 40, 561–661. doi:10.1080/10643380802471076 231 

Gil, G.C., Chang, I.S., Kim, B.H., Kim, M., Jang, J.K., Park, H.S., Kim, H.J., 2003. Operational 232 

parameters affecting the performannce of a mediator-less microbial fuel cell. Biosens. 233 

Bioelectron. 18, 327–334. doi:10.1016/S0956-5663(02)00110-0 234 

Juang, D.-F., Yang, P.-C., Chou, H.-Y., Chiu, L.-J., 2011. Effects of microbial species, organic 235 

loading and substrate degradation rate on the power generation capability of microbial fuel 236 

cells. Biotechnol. Lett. 33, 2147–60. doi:10.1007/s10529-011-0690-9 237 

Kadlec, R.H., Wallace, S.D., 2009. Treatment Wetlands, Second Edition. 238 

Kiely, P.D., Regan, J.M., Logan, B.E., 2011. The electric picnic: synergistic requirements for 239 

exoelectrogenic microbial communities. Curr. Opin. Biotechnol. 22, 378–385. 240 

doi:10.1016/j.copbio.2011.03.003 241 

Knowles, P., Dotro, G., Nivala, J., García, J., 2011. Clogging in subsurface-flow treatment wetlands: 242 

Occurrence and contributing factors. Ecol. Eng. 37, 99–112. 243 

doi:10.1016/j.ecoleng.2010.08.005 244 

Liu, J., Björnsson, L., Mattiasson, B., 2000. Immobilised activated sludge based biosensor for 245 

biochemical oxygen demand measurement. Biosens. Bioelectron. 14, 883–893. 246 

doi:10.1016/S0956-5663(99)00064-0 247 

Logan, B.E., 2008. Microbial Fuel Cells. 248 

Nivala, J., Knowles, P., Dotro, G., García, J., Wallace, S., 2012. Clogging in subsurface-flow 249 

treatment wetlands: measurement, modeling and management. Water Res. 46, 1625–40. 250 

doi:10.1016/j.watres.2011.12.051 251 

Pedescoll, A., Corzo, A., Alvarez, E., García, J., Puigagut, J., 2011a. The effect of primary treatment 252 

and flow regime on clogging development in horizontal subsurface flow constructed wetlands: 253 

An experimental evaluation. Water Res. 45, 3579–89. doi:10.1016/j.watres.2011.03.049 254 

Pedescoll, A., Knowles, P.R., Davies, P., García, J., Puigagut, J., 2012. A comparison of in situ 255 

constant and falling head permeameter tests to assess the distribution of clogging within 256 

horizontal subsurface flow constructed wetlands. Water. Air. Soil Pollut. 223, 2263–2275. 257 

doi:10.1007/s11270-011-1021-4 258 

Pedescoll, A., Samsó, R., Romero, E., Puigagut, J., García, J., 2011b. Reliability, repeatability and 259 



accuracy of the falling head method for hydraulic conductivity measurements under laboratory 260 

conditions. Ecol. Eng. 37, 754–757. doi:10.1016/j.ecoleng.2010.06.032 261 

Samsó, R., García, J., 2014. The cartridge theory: A description of the functioning of horizontal 262 

subsurface flow constructed wetlands for wastewater treatment, based on modelling results. 263 

Sci. Total Environ. 473-474, 651–658. doi:10.1016/j.scitotenv.2013.12.070 264 

Sharma and Li. 2010.The variation of power generation with organic substrates in single-chamber 265 

microbial fuel cells (SCMFCs). Bioresource Biotechnology, 110(6), 1844–1850 266 

Venkata Mohan, S., Veer Raghavulu, S., Sarma, P.N., 2008. Biochemical evaluation of bioelectricity 267 

production process from anaerobic wastewater treatment in a single chambered microbial fuel 268 

cell (MFC) employing glass wool membrane. Biosens. Bioelectron. 23, 1326–32. 269 

doi:10.1016/j.bios.2007.11.016 270 

 271 


