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ABSTRACT 19 

The addition of electrically conductive materials may enhance anaerobic digestion (AD) efficiency 20 

by promoting direct interspecies electron transfer (DIET) between electroactive microorganisms, 21 

but an equivalent enhancement can also be achieved using non-conductive materials. Four high 22 

surface area brush materials were added to AD reactors: non-conductive horsehair (HB) and 23 

polyester (PB), and conductive carbon fiber (CB) and stainless steel (SB) brushes. Reactors with 24 

the polyester material showed lower methane production (68 ± 5 mL/g CODfed) than the other 25 

non-conductive material (horsehair) and the conductive (graphite or stainless steel) materials (83 26 

± 3 mL/g CODfed) (p < 0.05). This difference was due in part to the higher biomass concentrations 27 

using horsehair or carbon (135 ± 43 mg) than polyester or stainless steel or materials (26 ± 1 mg). 28 

A microbial community analysis indicated that the relative abundance of electroactive 29 

microorganisms was not directly related to enhanced AD performance. These results show that 30 

non-conductive materials such as horsehair can produce the same AD enhancement as 31 
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conductive materials (carbon or stainless steel). However, if the material, such as polyester, does 32 

not have good biomass retention, it will not enhance methane production. Thus, electrical 33 

conductivity alone was not responsible for enhancing AD performance. Polyester, which has been 34 

frequently used as a non-conductive control material in DIET studies, should not be used for this 35 

purpose due to its poor biocompatibility as shown by low biomass retention in AD tests.  36 

Keywords: Anaerobic digestion; biocompatibility; electrical conductivity; microbial community 37 

structure; surface area. 38 

 39 

1. Introduction 40 

Anaerobic digestion (AD) is an established and effective method for wastewater treatment 41 

and biogas production. However, due to the slow growth rates of methanogens and imbalanced 42 

syntrophic relationship between organic-oxidizing bacteria and methanogens, long residence 43 

times are usually required for stable and efficient operation of AD. Adding conductive materials 44 

to stimulate direct interspecies electron transfer (DIET) has been shown to be an effective way to 45 

enhance AD efficiency (Baek et al., 2018; Lovley, 2017; Yin and Wu, 2019). DIET is an alternative 46 

route to indirect interspecies electron transfer (IIET) based on redox mediators (i.e. H2 and 47 

formate) (Baek et al., 2018). DIET is also energetically more advantageous than IIET due to 48 

unnecessariness of several enzymatic steps to produce mediators (Lin et al., 2017). Various 49 

conductive materials have been implicated to promote DIET including carbon fibers, granular 50 

activated carbon, magnetite, and biochar based on the resulting significant increase in methane 51 

generation rates and overall process stability (Baek et al., 2017; Jia et al., 2020; Park et al., 2018; 52 

Wang et al., 2020). The existence of DIET in these systems was mainly supported by the 53 
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enrichment of electroactive bacteria and methanogens in the presence of these electrically 54 

conductive materials.  55 

The addition of any type of particles or materials can also increase biomass retention inside 56 

digesters by providing large amounts of surface area. Adding high surface area is known as an 57 

efficient method to enhance biofilm development and thus increase solid retention time (SRT) 58 

while minimizing biomass washout (Liu et al., 2020b; Najafpour et al., 2006; Yan et al., 2020). 59 

Microorganisms can adhere to the surface of inert supporting media such as granular activated 60 

carbon, porous foams, and zeolite (Poirier et al., 2017; Yang et al., 2004). Most of the conductive 61 

materials used to promote DIET have large surface areas, making it difficult to untangle the 62 

separate effects of surface area and conductivity. Carbon-based conductive materials also usually 63 

have porous and entangled structures that provide both high surface areas for microbial 64 

attachment as well as hydrophilic and biocompatible surface properties that promote bacterial 65 

adhesion (Bian et al., 2018). Due to these surface areas and biocompatibility properties of 66 

materials, it is possible that benefits from conductive material addition could be derived not only 67 

from the electrical conductivity but also from high biomass retention effect. 68 

The separate impacts of electrical conductivity and surface area of added materials have not 69 

been adequately addressed in previous studies due to a lack of suitable controls for both surface 70 

area and biocompatibility (Lei et al., 2019; Park et al., 2018; Wang et al., 2020; Zhao et al., 2016). 71 

For example, biochar was added as a DIET stimulant in the up-flow sludge blanket reactor (UASB) 72 

with >1,000 m2 of Brunauer-Emmett-Teller (BET) surface area, while control reactors had no 73 

particles (Zhao et al., 2016). Similarly, methane production rates was increased by 17–19% from 74 

propionate and butyrate in reactors containing graphite felt compared to a control without any 75 
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other materials (Zhang et al., 2019). Adding powdered or granular activated carbon also 76 

significantly enhanced performance of AD compared to controls without those materials (Park et 77 

al., 2018). In several studies, the effects of adding electrically conductive materials have been 78 

compared to controls containing polyester cloth (Dang et al., 2016; Dang et al., 2017; Jia et al., 79 

2020). However, it was not shown that polyester was a suitable control because it could also have 80 

poor biocompatibility for biofilm growth. Characteristics of the materials that include roughness, 81 

hydrophilicity, and surface energy can also impact bioadhesion availability and thus biomass 82 

retention in the reactor (Al-Amshawee et al., 2020; Yuan et al., 2018). In a recent study examining 83 

enhanced AD using a microbial electrolysis cell (MEC), two different carbon materials were tested 84 

as biocathodes, a graphite plate and a carbon brush, to examine the impact of surface area, but 85 

it could not address the importance of DIET for those two materials (Liu et al., 2020a). Therefore, 86 

the use of additional controls is needed to fully address biocompatibility, surface area and 87 

electrical conductivities of materials.  88 

The hypothesis of this study was that the biocompatibility of the materials is as important as 89 

the electrical conductivity of the materials in increasing AD performance. To prove this hypothesis, 90 

four different fiber materials (i.e., carbon, stainless steel, horsehair, and polyester) which differed 91 

in their electrical conductivity and biocompatibility were used in AD tests to determine their 92 

impact on methane generation rates and overall reactor performance. AD performance in each 93 

configuration as well as microbial community structure were investigated along with 94 

physicochemical analyses of each fiber.  95 

 96 

2. Materials and methods 97 
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2.1. Reactor construction 98 

Lab-scale anaerobic digesters were constructed with glass bottles filled with 270 mL of liquid 99 

volume and containing 80 mL of headspace. Each bottle had two ports to connect the headspace 100 

to a biogas collection bag (Cali-5-Bond, Calibrated Instruments, NY) and to collect liquid samples 101 

from the middle of the reactors. The bottles were tightly sealed with a rubber stopper and a screw 102 

cap (Fig. 1A). Each reactor had a brush almost completely occupying the reactor volume to 103 

maximize surface area effect (Baek et al., 2021). All brushes had the same encased volume (6 cm 104 

long and 4 cm in diameter, encased volume of 75 mL) but were made with four different fiber 105 

materials wound into two twisted titanium wires (Mill-Rose, USA). The wires were held in place 106 

by piercing the end through a rubber stopper at the top, and the connection was sealed with 107 

epoxy. The brush materials were carbon fiber (CB; Zoltec), stainless steel fiber (SB; stainless steel 108 

304; Loos&Co.), horsehair fiber (HB; Mill-Rose), and polyester fiber (PB; Mill-Rose) to create a 109 

different environment for biofilm acclimation by different extent of electrical conductivity and 110 

biomass adhesion availability (Fig. 1B). The impact of electrical conductivity was assessed by 111 

comparing two non-conductive materials made of horsehair or polyester (used in many DIET tests 112 

as a non-conductive control), with carbon and stainless steel which both have high electrical 113 

conductivity. The detailed properties such as the fiber diameter, numbers of fibers used to make 114 

a brush, and specific total bristle areas are listed in the supporting information (Fig. S1). Carbon 115 

fibers had a much smaller diameter and thus a higher number of fibers than the other materials 116 

due to a lack of availability of these other materials with this smaller size. The specific bristle area 117 

(As) of brushes was estimated based as As = 2m/rρ, where m is the total mass of the bristles of a 118 

brush, r is the radius of bristle, and ρ is the density of each fiber. However, many of the individual 119 
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fibers are grouped together (Fig. 1B) so that this calculated bristle area likely overestimated the 120 

available surface area of the materials. A previous study that examined the effect of current 121 

generation on AD performance showed that a large graphite brush with no current produced 122 

more methane than a reactor with a small brush in the absence of current generation (Baek et 123 

al., 2021). Therefore, a control lacking a brush was not used in the current study as the biomass 124 

in the reactor would be washed out due to the large amount of medium exchange in each 125 

repeated cycle, and it would not produce methane efficiently. 126 

 127 

 128 

Fig. 1. (A) Schematics of the AD reactor configurations, (B) photographs of the brushes made of 129 

different fiber materials, and (C) photographs of reactor operation. 130 

 131 

2.2. Reactor operation 132 

A synthetic substrate was used for AD tests containing glucose as the sole carbon source (2.5 133 

g/L) in 100 mM phosphate buffer solution (PBS) containing 4.9 g/L NaH2PO4·H2O, 9.2 g/L Na2HPO4, 134 
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0.6 g/L NH4Cl, 0.3 g/L KCl, mineral (12.5 mL/L) and vitamin (5 mL/L) solutions (pH =7.1, 135 

conductivity = 13.0 mS/cm). Sludge was collected from the anaerobic digester at the Pennsylvania 136 

State University wastewater treatment plant and used as the inoculum after being sieved using a 137 

screen (mesh size of 850 μm). The characteristics of the anaerobic sludge inoculum were: total 138 

chemical oxygen demand (COD) of 22,500 ± 500 mg/L, soluble COD (SCOD) of 540 ± 30 mg/L, 139 

total suspended solids (TSS) of 19,000 ± 700 mg/L, and a volatile suspended solid (VSS) of 14,800 140 

± 400 mg/L.  141 

The anaerobic reactors were operated in fed-batch mode. At the initial point of the 142 

experiment, 20% (v/v) of inoculum was added to medium containing glucose with final 143 

concentration of 2.5 g/L. At the end of every batch cycle, 50% of medium was removed through 144 

sampling port and refilled with fresh medium while the reactor solution was continuously mixed 145 

using a magnetic stir bar. Prior to each cycle, the replaced medium was sparged with nitrogen gas 146 

for 3 min to remove residual gas in solution and headspace and make anaerobic environment. 147 

The batch cycles were repeated four times during total 51 days of operational period and data of 148 

the last batch cycle was presented. During acclimation period, only biogas amount was monitored 149 

without analyzing biogas composition (Fig. S2). All reactors were run in duplicate and maintained 150 

at 35°C in a temperature-controlled room or incubator. The biogas and liquid samples were 151 

collected and analyzed every 2-5 days depending on the rate of AD process. 152 

 153 

2.3. Protein quantification  154 

Total protein concentration of the suspension and biofilm were quantified by a bicinchoninic 155 

acid (BCA) protein assay kit (Sigma Aldrich) following a previous method (Bond and Lovley, 2003; 156 
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Ishii et al., 2008). The attached biomass onto the fibers were extracted using 0.2 N NaOH. First, 157 

the pieces of brushes were cut with sterile scissors and placed in a petri dish with 5 mL of 0.2 N 158 

NaOH. The extraction was performed for 1 h at 4°C by flushing NaOH solution several times over 159 

the surface of brushes using pipette every 15 min to improve extraction efficiency. The solution 160 

was removed after 1 h and weighed. An equal amount of deionized water was used to further 161 

rinse the brushes to collect any remaining solution. The liquids (i.e., equal amount of 0.2 N of 162 

NaOH and deionized water) were pooled together, yielding a sample containing 0.1 N NaOH. For 163 

suspended biomass, 10 mL of mixed liquor was centrifuged at 13,000 ×g for 3 min, the suspension 164 

was removed, and the pellet was re-suspended in 5 mL of 0.1 N NaOH. For cell lysis, a freeze-thaw 165 

cycle was repeated three times at –20°C for freezing and 100°C for thawing both biofilm- and 166 

suspension-derived samples. The pretreated sample was centrifuged (13,000 ×g, 3 min) to 167 

remove any cell debris and the protein assay was performed by the BCA method against a bovine 168 

serum albumin standard. The measured protein was normalized by the weight of used fibers (for 169 

attached biomass) or the volume of used suspension (for suspended biomass). Total protein in 170 

each reactor was finally estimated by multiplying by the total weight of fibers or the total liquid 171 

volume of the reactor. 172 

 173 

2.4. Scanning electron microscopy  174 

The surface morphology of raw fibers and collected fibers at the end of the fourth cycle was 175 

analyzed by scanning electron microscopy (SEM). For the fibers with biofilm, pretreatment 176 

method was used to fix and dehydrate cell structures following a previous procedure (Baek et al., 177 

2020). First, small pieces of fibers were cut using sterile scissor and washed three times with 178 



9 

 

phosphate-buffered saline (10 mM of phosphate buffered saline, pH 7.4) and fixed in 2.5% 179 

glutaraldehyde solution for 4 h at 4oC, followed by washing three times with phosphate-buffered 180 

saline. The fibers were dehydrated with serial steps with 50%, 70%, 90%, and 100% of ethanol at 181 

room temperature for 15 min per each step. The samples were air-dried overnight and analyzed 182 

with SEM (Verios G4, Thermo-Scientific, Hillsboro, OR). The secondary electron images were 183 

obtained using an accelerating voltage of 3 or 5 keV depending on the magnification. 184 

 185 

2.5. Chemical analyses and calculations 186 

COD concentrations were analyzed using standard methods (TNTplus COD reagent; HACH 187 

company). Volatile fatty acids (VFAs; acetate, propionate, and butyrate) were analyzed using a gas 188 

chromatograph (GC; Shimadzu, GC-2010 Plus, Japan) equipped with a Stabilwax-DA column (30 189 

m × 0.32 mm × 0.5 μm, Restek, Bellefonte, PA) and flame ionization detector (FID; a detection 190 

limit of each VFAs of 0.1 mM) with nitrogen as the carrier gas. The samples for both SCOD and 191 

VFA measurement were filtrated using a syringe filter with 0.45 μm of pore size. The total and 192 

suspended solid concentrations were measured according to a standard method (WEF, 2005). The 193 

gas composition in the headspace of the reactors was analyzed with a GC (SRI Instrument, 194 

Torrance, CA, USA) using 250 μL of gas from the gas collection bag using an airtight gas syringe 195 

(Hamilton, Reno, NV, USA). H2 and CH4 were analyzed using a GC (model 2601B, SRI Instrument, 196 

Torrance, CA, USA) equipped with thermal conductivity detector (TCD; a detection limit of 0.01%) 197 

and a 3-m Molsieve 5A 80/100 column (Altech Associates, Inc., Bannockburn, IL) with argon as 198 

the carrier gas. CO2 was analyzed using another GC (model 310, SRI Instrument, Torrance, CA, 199 

USA) with TCD (a detection limit of 0.01%) and a 1-m silica gel column (Restek, Bellefonte, PA, 200 
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USA) with helium as the carrier gas. The methane volume at time t was calculated as 𝑉𝑚,𝑡 =201 

𝑉𝑔,𝑡  𝑓𝑚,𝑡  +  𝑉ℎ  (𝑓𝑚,𝑡 − 𝑓𝑚,𝑡−1), where 𝑉𝑔,𝑡 is biogas volume in gas bag and 𝑉𝑚,𝑡 is methane 202 

volume (mL), 𝑓𝑚 is the fraction of the methane in total biogas, and 𝑉ℎ is the headspace volume 203 

(mL) of the reactor. Because there was a gas leakage problem in one of the duplicates of HB 204 

reactor, the theoretical methane accumulation was calculated based on the soluble COD 205 

consumption profile only for one of the HB reactors, then averaged with measured methane 206 

production of another HB reactor. The volume was corrected to standard condition (0°C and 1 207 

atm). The samples for analyses were extracted from both duplicate reactors and all chemical 208 

analyses were conducted in duplicate.  209 

 210 

2.6. Next-generation sequencing  211 

The biomass samples were collected from the attached biofilm on the brushes and mixed 212 

liquor of each reactor at the end of the experiment. RNA was extracted using the standard 213 

protocol for RNeasy PowerMicrobiome Kit (Qiagen, Germany) and then reverse-transcribed using 214 

2X Platinum SuperFi RT-PCR Master Mix from the SuperScript IV One-Step RT-PCR System (Thermo 215 

Fisher Scientific, USA). The 16S rRNA sequencing libraries were prepared according to the Illumina 216 

protocol by using the forward (515F) and reverse (806R) tailed primers (Apprill et al., 2015; 217 

Illumina, 2015). The detailed information about sequencing and data processing procedures are 218 

described in the previous paper (Baek et al., 2021). The sequences obtained in this study were 219 

deposited in the NCBI Sequence Read Archive under the Bioproject accession number 220 

PRJNA699668. Clustering analysis was performed based on the Sorensen distance measurement 221 

based on the recommendation for ecological community data analysis (McCune et al., 2002). 222 
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 223 

3. Results & discussion 224 

3.1. Anaerobic digestion performance 225 

After three repeated fed-batch cycles for acclimation of microbial community to each 226 

experimental condition, biogas quantity and composition were analyzed during the fourth cycle. 227 

During 18 days of operation, a significantly higher rate of methane production was observed for 228 

the reactors with the horsehair, carbon, and stainless steel brushes than those with the polyester 229 

brush (p < 0.05; days 4–18) (Fig. 2A). The final volume of methane gas accumulation was 83 ± 3 230 

mL/g CODfed while the polyester brush reactor produced only 68 ± 5 mL/g CODfed. In terms of 231 

SCOD removal efficiency. Similar patterns were shown by much faster organic degradation in the 232 

horsehair, carbon, and stainless steel brush reactors (174–190 mg COD/L·d until day 10) compared 233 

to the polyester brush reactor (129 ± 0 mg COD/L·d until day 10) (Fig. 2B). Taken together, these 234 

data indicated that the performance with the non-conductive horsehair brush was the same as 235 

the electrically conductive carbon and stainless steel brushes, and therefore that electrical 236 

conductivity of the material was not required to achieve enhanced performance. The non-237 

conductive polyester brush performance was worse than the horsehair brush, suggesting that 238 

polyester was not a good material as a control for a non-conductive material. The stainless steel 239 

brush reactor had methane production and SCOD removals similar to those of the carbon brush, 240 

so it was not clear based only the methane generation and COD removal rates if electrical 241 

conductivity was helpful in the case of this material. 242 

In the initial phase of a batch cycle (days 2–7), the stainless steel brush reactor exhibited 243 

slightly lower methane production and SCOD removal rates, but it showed a more rapid AD rate 244 
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after day 7 which was comparable to performances of carbon and horsehair brush reactors. The 245 

changes in methanogenic rate observed using the stainless steel brush reactor were presumably 246 

due to the surface properties of stainless steel fiber which have been shown to be much less 247 

compatible for initial microbial attachment (Zhang et al., 2012). A previous study by Wang et al. 248 

(2019b) found that methane production in an AD-MEC was slower than that obtained using Ni or 249 

Cu-cathodes. The authors suggested poor biocompatibility of stainless steel surface and possible 250 

antibacterial element generation during the production process of stainless steel as the main 251 

reasons (Wang et al., 2019b). With replacement medium between every batch cycle, biomass 252 

that was acclimated under stainless steel-added condition could be largely washed out and thus 253 

microbial cells loosely attached to the brush fibers could be detached into the bulk solution (i.e., 254 

during the draw-and-fill process of 50% of the liquid volume). However, after day 7 the stainless 255 

steel brush reactor showed methane production and SCOD removals comparable to the carbon 256 

and horsehair brush reactors. Carbon fibers used here had an electrical conductivity of 6.5 S/m 257 

compared to that of 139 S/cm reported for stainless steel 304 used in this study (Mitchell, 2004). 258 

The use of electrically conductive materials in AD has been reported to enhance the 259 

methanogenic performance by stimulating DIET (Baek et al., 2018). The higher AD efficiency 260 

observed in the carbon and stainless steel brush reactors could be partially explained by their 261 

conductive surface. If electrical conductivity was the sole factor affecting AD performance, the 262 

stainless steel brush reactors should have had the best performance, followed by carbon brush, 263 

and the other two materials. However, non-conductive horsehair brushes had comparable 264 

methanogenic efficiency to the two electrically conductive materials demonstrating that there 265 

must be other crucial factors that dictate AD performance other than only electrical conductivity.  266 
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 267 

 268 

Fig. 2. (A) Methane production and (B) soluble COD degradation profiles during the fourth batch 269 

cycle.  270 

 271 

3.2. VFA profiles 272 

There was a rapid increase in VFA concentration in the initial period in all reactors with 18–29 273 

mL of H2 production (data not shown) along with a drop in pH (Fig. S3), indicating that 274 

acidogenesis by glucose fermentation actively occurred (Fig. 3). Compared to the carbon and 275 

horsehair brush reactors which showed immediate degradation of VFAs (primarily butyrate) after 276 

day 2, stainless steel and polyester brush reactors showed only slight decrease (polyester) or even 277 

increase (stainless steel) of total VFAs, possibly due to a slower butyrate degradation. This 278 
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observation suggests lower methanogenic rates in the initial period and/or slower acidogenesis 279 

rates for polyester and stainless steel brush reactors. Biomass retention inside the anaerobic 280 

reactors has been reported as a crucial factor in acidogenic fermentation rates (Bengtsson et al., 281 

2008). Due to surface properties of stainless steel and polyester fibers, which were expected to 282 

have poor bioadhesion properties, acidogenesis from glucose might be less efficient compared to 283 

the other two materials. However, after day 7, stainless steel brush reactor showed VFA 284 

degradation rates comparable to those of the carbon and horsehair brush reactors while the 285 

polyester brush reactor maintained lower degradation rate of acetate and propionate. Butyrate 286 

was fully degraded in all reactors after day 7 and acetate was mostly consumed at the end of the 287 

experiment (<10 mg COD/L). Propionate was the only remaining VFAs in all reactors on the final 288 

day, but its concentration was much higher in the polyester brush reactor (403 ± 194 mg COD/L) 289 

than in the others (69–187 mg COD/L). Given that propionate oxidation is not thermodynamically 290 

favorable and requires obligate syntrophic relationship between microbial groups (De Bok et al., 291 

2004), a more favorable environment for syntrophic degradation was likely developed in the 292 

reactors with brush materials other than polyester.  293 

 294 
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 295 

Fig. 3. Production and consumption profiles of acetate, propionate, and butyrate in (A) CB, (B) SB, 296 

(C) HB and (D) PB during the fourth batch cycle. 297 

 298 

3.3. The impact of fiber characteristics on microbial attachment  299 

To evaluate biocompatibility of the different materials, we examined the initial rates of VSS 300 

production and measured protein concentrations on the different brushes. Much higher VSS 301 

concentrations were measured in the effluent after each batch cycle using stainless steel and 302 

polyester brush reactors than other two during whole experimental period (Fig. 4A). Particularly 303 

during the initial two batch cycles, the VSS concentrations were 6–11 times (after the first cycle) 304 

and 2 times (after the second cycle) higher in stainless steel and polyester brush reactors than 305 

the other two fiber brushes, suggesting that biomass which was initially added into the medium 306 
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was not effectively attached to the stainless steel and polyester fibers and would therefore be 307 

washed out when replenishing the medium. In contrast, the effluent of carbon and horsehair 308 

brush reactors contained only 200–700 mg/L of VSS after all the batch cycles showing good 309 

retention of the inoculum. The differences in VSS concentrations in the mixed liquor were 310 

consistent with visual observations of the operating reactors during the first batch cycle (Fig. 1C). 311 

Higher biomass attachment on carbon fiber and horsehair was shown based on protein 312 

measurements for biofilms on the brushes as well as in the mixed liquor (Fig. 4B). For the attached 313 

biofilms, much higher protein concentrations were obtained for the carbon and horsehair brushes 314 

(105–165 mg) than other two (26 ± 1 mg), while the concentration of protein in the mixed liquor 315 

was higher in stainless steel and polyester brushes reactors (38–40 mg) than other two (13–28 316 

mg). Even though the same amount of inoculum was added into the reactors at the beginning of 317 

the experiments, the mixed liquor was much clearer with lower turbidity in carbon and horsehair 318 

brush reactors compared to the other two fiber brushes. 319 
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 320 

Fig. 4. (A) Volatile suspended solid (VSS) concentrations in the effluent at the end of each batch 321 

cycle and (B) protein concentrations of the biofilm attached to the fibers and mixed liquor at the 322 

end of the fourth batch cycle. 323 

 324 

Biofilm formation on each fiber was examined by SEM, confirming much thicker and denser 325 

biofilms were formed on the surfaces of the carbon and horsehair fibers while little biofilm was 326 

found to be attached to the surfaces of stainless steel or polyester fibers (Fig. 5E, F, G, and H). It 327 

is known that the different characteristics of materials, such as roughness, wettability, and 328 

hydrophilicity, can impact biofilm formation (De Avila et al., 2016). As for the hydrophilicity, it has 329 

been previously reported that polyester has hydrophobic surface, stainless steel has mildly 330 

hydrophobic surface, and carbon fiber and horsehair have hydrophilic surfaces (Bajpai et al., 2011; 331 
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Guillemot et al., 2006; Santoro et al., 2014; Tow et al., 2017). Highly hydrophilic property is 332 

typically beneficial for biofilm formation (Katuri et al., 2020), thus could impact AD efficiency 333 

positively in this study. In addition, highly rough surface structure was observed in raw carbon 334 

fiber and horsehair compared to smoother stainless steel and polyester surfaces (Fig. 5A, B, C, 335 

and D). Rough surface usually provides more suitable condition for biofilm development on the 336 

electrodes in microbial fuel cells (MFCs) while electrodes with smooth surface was reported to 337 

produce less power (Zhang et al., 2012). 338 

 339 

Fig. 5. Scanning electron microscopy images of the (A, B, C, and D) raw fibers and (E, F, G, and H) 340 

biofilm-covered fibers collected at the end of the experiment.  341 

 342 

3.4. Microbial community structure 343 

Eight biomass samples were taken from the biofilms on brushes and the solutions in each 344 

reactor and analyzed for 16S rRNA to examine the active microbial populations. A total of 199,879 345 

(rRNA library) non-chimeric, quality-filtered reads were obtained that were clustered into 298 346 

OTUs with a 97% identity. The 20 most abundant OTUs in each library were examined in a 347 

heatmap with their relative abundance and taxonomic classification at the genus and phylum 348 

levels (Fig. 6), and family level (Fig. 7A) 349 
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 350 

Fig. 6. Heatmap of the relative abundance (%) of the top 20 dominant OTUs based on 16S rRNA 351 

analysis. The genus level or lowest taxonomic classification possible (f: family) are shown in the 352 

left column and the phylum levels are shown in the right column.  353 

 354 

In the archaeal community structure, highly enriched communities of Methanosaeta 355 

(acetoclastic methanogens), Methanosarcina (contains hydrogenotrophic and acetoclastic 356 

methanogens), Methanofollis, Methanobrevibacter, and Methanobacterium (hydrogenotrophic 357 

methanogens) were observed depending on the reactor environment, suggesting that the surface 358 

characteristics of material substantially impacted the methanogenic activity. Methanosaeta 359 

(OTU_12) was more abundant in the biofilm samples (2.3–5.0%) compared to those for the 360 

solution samples (0.2–2.0%). This might be because Methanosaeta prefer to grow in the biofilm 361 

because they can be retained much longer than in the suspension due to their slow growth rate  362 

(Conklin et al., 2006; Harb et al., 2015). Methanosaeta were more dominant in the biofilms on 363 
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carbon and stainless steel brushes, compared to other two materials, suggesting that the 364 

electrical conductivity of the fiber surface might stimulate their growth. Methanosaeta are known 365 

acetoclastic methanogens but recently it was revealed that they can participate in DIET in the 366 

presence of conductive materials by directly reducing CO2 to CH4 via electromethanogenesis 367 

(Baek et al., 2020; Rotaru et al., 2014; Zhao et al., 2018). The highest abundance of Methanosaeta 368 

in both biofilm and solution samples in stainless steel brush reactor could be related to higher AD 369 

performance of stainless steel brush reactor than polyester brush reactor although, both have 370 

low biocompatible fiber surfaces. Furthermore their relative abundance was even higher in the 371 

biofilm of stainless steel than that of carbon fiber, which was likely due to the high electrical 372 

conductivity of stainless steel than carbon fiber used here. The relative abundance of 373 

hydrogenotrophic methanogens including genus Methanofoliis (OTU_11 and OTU_26), 374 

Methanobrevibacter (OTU_17), Methanocorpusculum (OTU_4), and Methanobacterium (OTU_21) 375 

was higher in the carbon and horsehair biofilm samples (5.0–5.4%) compared to the other two 376 

reactor samples(2.3–3.2%). High enrichment of hydrogenotrophic methanogens might help to 377 

maintain low H2 concentrations in the digesters during fermentation and thus account for the 378 

improved AD performance observed in carbon and horsehair brush reactors (Fig. 2).   379 



21 

 

 380 
Fig. 7. The relative abundance of (A) methanogenic community at the family level and (B) 381 

bacterial community at the phylum level based on 16S rRNA analysis data. The community with 382 

relative abundance < 1% (archaea) or < 5% (bacteria) of the sequence reads in all samples was 383 

classified as “Others”.  384 

 385 

 386 

The bacterial communities in all samples were dominated by Firmicutes (51.8–67.5%), 387 

indicating their major role in overall microbial activities (Fig. 7B). The genus Clostridium sensu 388 

stricto 1 (OTU_1 and OTU_2) was responsible for high abundance of Firmicutes in all reactors (Fig. 389 

6). This genus is known to produce acid from organic carbon substrates and its dominance has 390 

been reported in anaerobic digesters or fermenters fed with glucose, which was the substrate 391 

used here (Lu et al., 2020; Yang and Wang, 2019). The OTU_7, closely affiliated to genus 392 

Petrimonas were more abundant in carbon, stainless steel, and horsehair brush biofilms than 393 
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polyester brush biofilm. Petrimonas might be responsible for the better performance of these 394 

three reactors by adhering to the fibers, given that they were reported to ferment glucose and 395 

they were more abundantly observed at biofilm of supporting media (e.g., carbon cloth and 396 

polypropylene carriers) than solution in previous studies (Feng et al., 2020; Liu et al., 2017; Zhang 397 

et al., 2013).  398 

Overall, the changes in community structure depending on the sampling point (i.e., biofilm or 399 

solution) in the same reactor were more obvious in archaeal community (0.48 < Sorensen 400 

distance (DS) < 0.73) than bacterial community (0.74 < DS < 0.88), possibly due to slower growth 401 

rate of archaea than bacteria. This observation is in line with a previous study that reported the 402 

archaeal population is more highly dependent on support materials than bacterial population in 403 

lab-scale fixed-film reactors (Habouzit et al., 2014). 404 

Despite of the differences in microbial community structures depending on the reactor 405 

environment (Fig. 6 and 7), it is difficult to find any obvious relationship between fiber 406 

characteristics and community structure. For example, even though both carbon and stainless 407 

steel brushes were electrically conductive materials, the biofilm microbial community structure 408 

that developed on both materials was substantially different (Fig. S4). This implies that the 409 

electrical conductivity was not the major factor in the difference of these microbial communities, 410 

and that other physicochemical characteristics of the materials were more important relative to 411 

AD performance. In addition, the relative abundances of several genera which were previously 412 

reported to be increased in DIET-stimulating condition (e.g., Geobacter, Syntrophobacter, 413 

Syntrophomonas and Longilinea) showed no significant difference between the samples with and 414 

without electrical conductivity (Fig. S5) (Lin et al., 2017; Wang et al., 2019a; Xing et al., 2020; 415 
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Zhang et al., 2020). Even though the relative abundance of Geobacter, frequently reported as a 416 

representative DIET partner with electrotrophic methanogens, was 1.9-fold (biofilm samples) and 417 

2.5-fold (solution samples) higher in carbon brush reactors than horsehair brush reactors, both 418 

reactors showed comparable AD efficiency. Therefore, there must have been additional factors 419 

that enhanced methane production than electrical conductivity. For example, better adhesion to 420 

the horsehair than the carbon or stainless steel could have impacted the absolute biomass 421 

concentration and thus the overall performance for methane generation (Fig. 4). The overall 422 

observation suggests that more careful consideration is needed to speculate on DIET stimulation 423 

only based on the comparison of AD performance and the relative abundances of electroactive 424 

microorganisms (e.g., Geobacter) between reactors with or without conductive materials. 425 

 426 

3.5. Implications 427 

Higher methane production rates observed from non-conductive horsehair-added reactors, 428 

as well as conductive carbon and stainless steel brush reactors compared to polyester brush 429 

reactors indicated that electrical conductivity was not a prerequisite for enhanced AD 430 

performance. The use of highly biocompatible materials (i.e., horsehair in this study) had 431 

methane production rates comparable to those using electrically conductive materials. This 432 

shows that a beneficial effect of high biomass retention by either high surface areas or highly 433 

biomass compatible materials on AD performance was not negligible in the previous conductive 434 

materials-induced DIET studies. The importance of biocompatibility can be supported by a 435 

previous study which compared the biofilm formation on the carbon fiber veil, carbon paper, 436 

graphite rod, and graphite foil as anode materials in MFCs (Liu et al., 2010). Although all of these 437 



24 

 

carbon-based materials had similar electrical conductivity, biofilms formed much better on the 438 

carbon fiber veil and paper materials than the rod and foil, due to differences in surface properties. 439 

However, given that stainless steel brush reactors, which had low biomass retention also showed 440 

similar AD performance with carbon fiber and horsehair brush reactors, the benefits from the 441 

electrical conductivity may overcome the lower biofilm formation in these reactors.  442 

The importance of the electrical conductivity relative to other factors in conductive materials-443 

added AD has been previously reviewed by (Martins et al., 2018). The authors noted that the 444 

mechanisms behind the effect of conductive materials might be related to more than one factor, 445 

and could be a complex relationship between electrical conductivity, redox potential, specific 446 

surface area, and roughness of the surface. Thus, they recommended one or more controls with 447 

non-conductive materials (Martins et al., 2018). Based on the results of the present study, 448 

however, the addition of a non-conductive material alone cannot serve as a proper control if the 449 

material has low biocompatibility for biomass retention. For example, horsehair reactors 450 

performed much better than those with polyester brushes despite of the fact that both materials 451 

were electrically insulative. In addition, the results of this study implies that polyester cloth was 452 

not a suitable control for as a non-electrically conductive material, although it has been used in 453 

several DIET studies as a control (Dang et al., 2016; Dang et al., 2017; Jia et al., 2020). Thus, it is 454 

recommended that the biocompatibility of the material be more carefully considered when 455 

conductive materials or non-conductive controls are used in AD reactors. The biocompatibility 456 

can be evaluated based on quantifying biomass attached to the materials when biomass is initially 457 

colonized (van Loosdrecht et al., 1990) and using surface characterization techniques such as SEM 458 

and contact angle measurements. In this study, we used SEM to observe the micro-scale structure 459 



25 

 

of each fiber surface, but it was not possible to perform contact angle measurements due to the 460 

small diameter of some fibers (< 10-3 cm).  461 

It is reasonable that much higher methane production could be obtained using carbon 462 

brushes than the other three materials due to the higher specific bristle areas of the carbon 463 

brushes (Fig. S1). However, biomass retention by the carbon brushes was similar or even lower 464 

than the horsehair brush (Fig. 4B). There was no evidence of a direct relationship between 465 

biomass retention and specific bristle area although the impact of mass of the brush was not 466 

examined here. Also, the carbon fibers tend to clump together so that the function area of the 467 

brushes might be less than the calculated area based on the mass of fibers (Fig. 5E). It was 468 

previously reported that an increase in specific surface area of carbon fibers did not linearly 469 

increase the AD efficiency and the authors suggest that the agglomeration of fibers could be a 470 

main reason (Barua et al., 2019). This observation implies that the chemical properties of fiber 471 

rather than just absolute quantity of surface area has more critical impact on microbial 472 

attachment.  473 

 474 

4. Conclusions 475 

The addition of electrically conductive carbon brushes to AD reactors was compared to the 476 

effects of brushes made of horsehair, polyester, and stainless steel. Among these four materials 477 

only the polyester brush reactors showed lower methane production and organic removal 478 

efficiencies than the others. The good performance of the non-electrically conductive horsehair 479 

brushes suggests that poor performance of the polyester was due more to its lack of compatibility 480 

for bioadhesion than electrically conductivity, and thus it may be a poor control in DIET studies. 481 
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Biomass concentration was much higher in carbon and horsehair brush reactors than other two 482 

due to better biocompatibility for biomass retention using these two materials. The results of this 483 

study suggest that adding electrically conductive materials is not necessarily required to enhance 484 

AD performance and that other surface characteristics such as biocompatibility must also be also 485 

considered when choosing suitable controls for non-conductive materials in DIET studies. 486 
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