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a b s t r a c t
Activated carbon (AC) is a promising electrode material for a bioelectrochemical system (BES)
because of its high performance and low cost. Here,ACwas flat-pressedwith carbon black and
polytetrafluoroethylene to fabricate the electrodes. These AC-based electrodes were applied in a
single-chamberBEStoachieveautotrophicNH4

+–Nremovalunderorganiccarbon-freeconditions.In
batch experiments, NH4

+–NremovalcouldbeenhancedbyapplyingvoltagetotheBES,inwhichcase
the NH4

+–Nremovalefficiencygraduallyincreasedastheappliedvoltageincreasedfrom0.1to0.25V.
TheaverageNH4

+–NremovalrateinaBESwas47.8mgL–1 d–1inthisstudy,whichwascomparable
with the results ofprevious studiesunder similar conditions.Cyclic voltammetry results revealed
thepresenceofseveralredox-activecomponentsontheanodeandcathodesurfaces,indicatingthat
theAC-basedbioanodeandbiocathodehadgoodelectroactivities.Microbialcommunityanalysisof
16SrRNAgenesbasedonhigh-throughputsequencingindicatedthatthediversityofthemicrobial
communityincreasedafterelectricpowerapplicationandthatPseudomonas and Paracoccuscouldbe
importantfornitrogen-compoundremovalintheBES.
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1. Introduction

With a rapidly developed industrial and agricultural
economy, theenvironmentalproblemscausedby improper
industrialwastedisposal and fertilizerusagehave become
aconcerning issue thataffectshuman lives [1,2].Nitrogen-
containing compounds are considered themain pollutants
[3],withNH4

+–N being the main nitrogen-containing com-
poundinagriculturalwastewater(wastewaterfromlivestock
andpoultrymanure),especiallywastewaterfromanaerobic
digester liquor or fertilizer production factories contain-
ing high concentrations of NH4

+–N[4,5].Excessiveamounts
of NH4

+–N in the watermay cause eutrophication or pose

a health risk to peoplewhen pollutedwater is consumed.
Thus,itisimportanttoremoveexcessnitrogenfrompolluted
water.

Intraditionalbiologicalremovalprocesses,NH4
+–N was 

first oxidized to NO3
––N via aerobic nitrification and then 

reducedtoN2 byusingananaerobicdenitrificationprocess
[6].However,thedenitrificationprocessneedsanadditional
carbonsource,whichwould increase thecostof treatment,
and may also induce secondary pollution. Therefore, this
traditional nitrification–denitrification process is difficult
to apply when treating wastewater with a low C/N ratio 
or no organic carbon. The anaerobic ammonia oxidation
process (annamox),which is an autotrophicprocess, could
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simultaneously remove NH4
+–N and NO2

––N; however, 
annamox bacteria are difficult to cultivate [7], and would
thereforebeimpracticalforwidespreadapplication.

Inrecentyears,bioelectrochemicalsystems(BESs)have
been proposed as an alternative technology to achieve both 
nitrification and denitrification [8–10]. The key feature of
these BESs is the use of solid-state electrodes as electron
donors/acceptors to drive microbial reactions by way of 
direct electron transfer or mediated by electron shuttles
or hydrogen gas. For instance, Virdis et al. [8] obtained
simultaneousnitrificationanddenitrificationinamicrobial
fuel cell with a solid-state electrode as electrode donor.
However,itisdifficulttousesuchasystemforlowC/Nratio
wastewatertreatment.Zhanetal.[10]achievednitrification
and denitrification in a microbial electrolysis cell, in which 
the cathode and anode were employed for denitrifying and 
nitrifying bacteria to achieve denitrification and nitrification, 
respectively.Toachieveacceptableperformance,thesetting
most researchers used for electric powerwas higher than
1.8V[11,12],althoughZhanetal.[10]verifiedthat0.2Vwas
sufficienttocatalyzethereactions.

The electrode materials that were used in the above-
mentioned studies (e.g., carbon felt, carbon cloth) present
greatchallengesforlarge-scaleapplication,eitherbecauseof
theirhighcost(100,000–500,000US$m–2)[13]oroperational
difficulties,suchastheirinabilitytotransferelectronsatlong
distances(carbonlackstheelectricalconductivityofmetals)
[14]. It is reported that the cost of the electrode materials
accountsfor20%–50%ofthetotalBEScost[13,15,16].Thus,
loweringthemanufacturingcostofanelectrodeiscrucialto
promotethecommercializationofBEStechnology.Although
biochar has recently been recommended to be a low cost and 
sustainableelectrodematerialusedforbothanodeorcathode
of BESs [15,17]. However, the relative low conductivity of
biochar is stillan issue thatneeds tobeconsidered for real
application [18]. Activated carbon (AC) is known as an
inexpensiveyeteffectiveelectrodematerial(30-1,600US$m–2) 
[19]withaspecificsurfaceareaof1,000–2,000m2 g–1[20]and
a porosity that is higher than that of other carbon-based 
electrodematerials[21].ACcanbefabricatedwithastainless
mesh (current collector) by the rolling-press method. This
pressed activated carbon plate (ACP) electrode has significant 
advantagesintermsofitslowcost,highreproducibilityand
scalability, as well as its comparatively high performance 
[22,23]. The main mechanism is the enhancement of the
transfer of electrons and ions, and the growth of biofilm on 
thesurfaceoftheelectrode[19].

However,relatedstudieshavemostlybeenconcentrated
onthecathode,andlittleisknownaboutusingACPasthe
anodeofBES.Furthermore,studiespublishedtodatehave
mainly focusedonelectricpowergeneration,and informa-
tiononcoupledwastewatertreatmentinanACP-basedBES
isscarce.Tothebestofourknowledge,theACPelectrodehas
notyetbeenused in theBES for simultaneousnitrification
anddenitrification.

Thus,astheinitialstep,theaimofthisstudyistoinvesti-
gate the feasibility of employing a fabricated ACP anode and 
cathodeinaBESfortreatingwastewatercontainingNH4

+–N.
ThemicrobialcommunityintheACPelectrodebiofilmwas
alsoanalyzed tounderstand thediversityofnitrifyingand
denitrifyingbacteria.

2. Materials and methods

2.1. Fabrication of ACP electrode

TheACPelectrodeconsistedofultracapacitorACpow-
der (1,500 m2 g–1,XinsenCarbonCo.Ltd,Fujian,China),car-
bonblackpowderandpolytetrafluoroethylene(PTFE),with
stainlesssteelmeshasthematrix.TheACPelectrodeswere
prepared by a modified flat-platen pressing method [24].
Specifically,4gofACpowderand0.4gofcarbonblackpow-
derwerefirstmixedinanappropriateamountof2-propanol
in a beaker andultrasonically agitated for 30min at 30°C,
afterwhich7.3gofaPTFEsuspension(10%w/v)wasslowly
drippedintoit.Afteranother30minofultrasonictreatment,
theblendwasstirredanddriedat60°Ctoproduceadough-
likepaste.Thispastewasdividedintotwoamounts,which
were then flat-pressed into two thin films (eachof 0.8mm
thickness)andwerethenpressedontobothsidesofthestain-
lesssteelmeshtoformaflatsheetof0.4mmthickness.This
sheetwassubsequentlysinteredfor25minat340°Ctoobtain
anACPelectrodeof0.8mmthickness.Beforeitwasused,the
ACPsheetwascutintoarectangularshapewithL = 10 cm; 
W=5cm.

2.2. Reactor set up

Fig. 1 shows a detailed schematic of the BES thatwas
usedinthisstudyandwhichwasmanufacturedfromplexi-
glass.TwoACPelectrodes(10cm×5cm)wereplacedinto
theBESandconnectedtoaDCpowersupply.Theeffective
volumeoftheBESwas1Landasamplingportwasopened
at the bottomof the reactor. For system start-up, activated
sludge obtained from the Jiangxinzhou sewage treatment
plant (Nanjing, China) was inoculated, and 0.1 V electric
power was applied with an initial NH4

+–N concentration of 
200mgL–1.Thecomponentsoftheenrichmentmediumwere
0.4gofNaH2PO4,0.6gofNa2HPO4·12H2O,0.2gofNaCl,1.6g
ofNaHCO3,0.02gofCaCl2·H2Oand0.05gofMgSO4·7H2O.
Onceinitiated,theBESwasstabilizedinfed-batchmodeat
roomtemperatureforaperiodofat least30duntil90%of
NH4

+–Nwasremoved.

 Fig.1.SchematicdiagramofBESforNH4
+–Nremoval.
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2.3. Effect of electric power on the removal of nitrogen in BES

The effect of electric power was investigated by com-
paring the NH4

+–NremovalperformanceofBESoperatedat
0.25,0.15,0.1and0V.Thereactorwasoperatedinfed-batch
mode at room temperature, the initialNH4

+–N content was 
200 mg/L, and the initial pHwas pre-adjusted to 7.0. The
other experimental conditions were the same as described 
above.Abiotic controlwas also carried out to evaluate the
contribution of the direct electrochemical effect of BES for
NH4

+–Nremoval.Liquidsamplesweretakeneverydayand
the concentrations of NO3

––N and NO2
––N were measured

by a Metrohm 761 compact ion chromatograph (Herisau,
Switzerland)equippedwithaSI-904Ecolumnandaconduc-
tivity detector. The NH4

+–N concentration was determined 
usingNessler’smethodwithaUV-visiblespectrophotometer
(DR-2800,Hach,Loveland,CO.,USA).Allexperimentswere
runintriplicateandone-wayanalysisofvariancewasapplied
to assess the statisticaldifference of the results at a signifi-
cance level of p =0.05.

2.4. Effect of initial concentrations of NH4
+–N on the removal of 

nitrogen in BES

The effect of different initial concentrations of NH4
+–N 

(150, 250 and 300 mg/L) on the removal of nitrogen was
examined at an applied electric power of 0.15 V, with the
otherparametersremainingthesame.Theconcentrationof
NH4

+–Ninthisstudywasselectedbyreviewingandcompar-
ingthesludgedigester liquor,someindustrialwastewaters
(fertilizer production, etc.) or some synthetic wastewaters
frompreviousrelatedstudies [5,25–29].Theconcentrations
ofammoniumNH4

+–N,NO3
––NandNO2

––NintheBESwere
measureddaily.Allexperimentswererunintriplicate.

2.5. Cyclic voltammetry (CV) measurement

After the batch experiments, the ACP anode and cathode 
with biofilm were removed from the reactor and separately 
placed into two new electronic cells for CV measurement
under anaerobic conditions. The CV measurements were
carried outwith a potentiostat (WMPG1000K8;WonATech
Co. Ltd., Seoul, Korea), an Ag/AgCl reference electrode 
(HX-R8; Hokuto Denko Inc., Osaka, Japan) and a twisted
platinum counter electrode (0.8mm × 1m;Nilaco, Tokyo,
Japan). The scan rate was 10mV/s with a potential range
from –0.8 to 0.6 V (vs. Ag/AgCl). The composition of the
electrolyte for theCVmeasurementwas25mMphosphate
buffer (4.58 g L−1Na2HPO4 and 2.45 g L−1NaH2PO4·H2O;
0.13gL−1KCl,pH7.0).

2.6. Pyrosequencing of biofilm samples

At the end of the experiment, the biofilm samples were 
collectedfromthesurfaceoftheACPanodeandcathodein
aglovechamber (AW300SG,ELECTROTEK,UK).APower
SoilDNA isolation kit (MOBIO,USA)was used to extract
1mLofgenomicDNAfromthebiofilmsamples.Thequal-
ity and concentrationsof theDNAwere examinedusinga
Qubit 2.0DNAdetectionkit.TheV3-V4 regionof thebac-
terial 16S rRNA fragments was amplified using primers

338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R
(5’-GGACTACHVGGGTWTCTAAT-3’).Then,high-through-
putsequencingandanalyseswerecarriedoutonanIllumina
MiSeq PE300 sequencing platform by Sangon Biotech
(Sangon, Shanghai, China) as described previously [30].
Thealphadiversityparameters(Shannonindex,ACEindex,
Chao1index,Good’scoverageandSimpsonindex)werecal-
culatedusingthemothurprogram.

3. Results and discussion

3.1. Electrically enhanced NH4
+–N removal in BES

The performance of BES with and without applied
electric power was compared to elucidate the effect of
additional power (0.1, 0.15 and 0.25 V) on the NH4

+–N 
removal efficiency, with an initial NH4

+–N concentration 
of 200 mg L–1. As shown in Fig. 2a, the NH4

+–N removal 
efficiency of closed circuit systemswas nearly 98% in 4 d
withahigherremovalratecomparedwiththeopencircuit
control. Further, approximately 36.5 mg L–1 NO3

––N and 
20.5mgL–1NO2

––Naccumulatedintheopencircuitcontrol
(Figs.2band2c).Incontrast,almostnoresidualNO3

––N and 
NO2

––N remained in the system to which electric power was 
applied,suggestingthatthetotalnitrogenremovalcapacity
ofBESwasenhancedbyapplyingelectricpower.NoNH4

+–N 
removal was observed in the abiotic experiment (data not 
shown)suggestingthattheenhancedNH4

+–N removal may 
be attributed to enhanced microbial activity. The average
NH4

+–Nremoval ratewas47.8mgL–1 d–1 in this study,and
wascomparablewith theresultsofpreviousstudiesunder
organic carbon-free conditions (31–60 mg L–1 d–1) [10,31].
However,itshouldbenotedthattheACPusedinthisstudy
waslessexpensiveandhadbetterreproducibilitythanthat
usedinpreviousstudiesbyothers,inwhichcarbonfeltwas
normallyused[10,31].

3.2. Effect of NH4
+–N concentration on the removal of nitrogen

The effect of the initial NH4
+–N concentration on the 

removal of nitrogen was investigated by setting the NH4
+–N 

concentration to 150, 250 or 300 mg L–1, with an external 
voltageof0.15V inallcases.AsshowninFig.3,complete
NH4

+–N removal was achieved when 150 mg L–1 NH4
+–N 

was initially added to the system. This is consistent with
theresultsdemonstrated inFig.2, inwhichthe200mgL–1 
NH4

+–Nthatwasinitiallypresentwasremovedat0.15Vwith
almost no residue.However,when the initialNH4

+–N con-
centrationwas increased(250and300mgL–1),NO3

––N and 
NO2

––Nstartedaccumulatinginthesystem.Especially,inthe
systemtowhich300mgL–1wasadded,approximately52.2
and 24.5mg L–1 NO3

––N andNO2
––N accumulated, respec-

tively.SimilartrendswerealsoobservedbyZhanetal.[10],
in which NO3

––N started accumulating when 150 mg L–1 
NH4

+–Nwasaddedtothesystem.

3.3. CV measurement

The CV analysis of the ACP bioanode (red line) after
incubation showed much higher anodic catalytic current
(1,300μA)at600mV(vs.Ag/AgCl)thanthebareelectrode
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(24μA) (Fig. 4),while the cathodic catalytic current of the
ACPcathode(–1,440μA)at–800mV(vs.Ag/AgCl)wasalso
higherthanthatofthebareelectrode(–360μA).Thegreater
production of electricity after incubation of the microbial
biomasswasprobablyduetolargercapacitanceandsmaller
resistanceafterbiofilmgrowthontheACPelectrodesurface
[32,33].Theoxidationandreductionwavesonthecyclicvol-
tammogramsofthebioanodebiofilmsappearedat0.25and
0.23V(vs.Ag/AgCl),respectively,andtheredoxpotentials
ofthesetwowaveswerelowerthanthatoftheammonium
oxidation bioanode used in a previous study [31], proba-
blyduetothedifferentmicrobialcommunitycompositions
andfunctionalmicroorganismsof thebiofilmin thisstudy.
Inaddition,severaloxidationandreductionwavesappeared
onthecyclicvoltammogramsofthebiocathode,althoughthe

peaksareinconspicuous,whichindicatethepresenceofsev-
eral redox-active components with different redox potentials 
onthesurfacesofthesecathodes[34].

The current generated in anodic CV is similar to that
in cathodic CV, suggesting that both bioanodic and bioca-
thodicreactionsweredominantintheBESs[35].Theinsig-
nificantdifferenceintheshapesoftheCVsforthebioanode
and biocathode might be attributed to the fact that their
microorganismswerederivedfromthesamesource(active
sludge),andsimilarbacterialspecies inanodicbiofilmand
cathodic biofilm (a wide variety of bacteria possess both 
nitrification and denitrification capabilities [36]). Further,

 

(a)

(b)

(c)

Fig. 3. Effects of different initial NH4
+–N concentrations (150, 

250and300mg/L)onNH4
+–N removal, NH4

+–N(a),NO2
––N (b), 

NO3
––N(c)inBESat0.15V.

 

(a)

(b)

(c)

Fig.2.ConcentrationvariationofNH4
+–N(a),NO2

––N(b),NO3
––N 

(c)inBESwithandwithoutappliedelectricpower.
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the electrochemically active microorganisms or redox-active 
components in the biofilms of both the bioanode and biocath-
odemaybesimilar.Severalbacteriacapableofnitratereduc-
tioncarriedoutbidirectionalelectrontransfer(e.g.,Geobacter, 
Pseudomonas)[37].Thedetailedmechanismofbioanodicand
biocathodicelectrontransferwarrantsforfurtherresearch.

3.4. Microbial communities in the bioanode and biocathode biofilms

Themicrobialcompositionsoftheoriginalactivesludge
and the bioanode and biocathode biofilms were determined 
usinghigh-throughputsequencing(Fig.5).TheGood’scov-
erage,OTUnumber,Shannonindex,Aceindex,Chao1index
and Simpson index are listed in Table 1. The high Good’s
coverage of 0.96–0.98means that themajority ofmicrobial
communities in thesamplesweresequenced.TheShannon
index showed that the microbial diversity of the anode and 
cathode biofilms were more complex relative to the origi-
nalactivatedsludge,probablybecausemuchmorebacterial
speciesinvolvedinelectrontransferforammoniumremoval
were enriched after acclimation in the BESs,whichwas in
agreementwithpreviouslyreportedresults[31].Thelower
valuesofAceandChao1 indicesof theanodeandcathode
biofilmsindicatedthattheirtotalmicrobialabundanceswere
lowerthanthoseoftheoriginalactivatedsludge.

The main genera identified in the original active
sludge were Lysinibacillus (45.42%), Brevibacillus (16.30%),
Bacillus (13.34%), Alkaliphilus (7.55%), Tissierella (2.90%)
and Paracoccus (2.60%). Some of the nitrifiers and denitri-
fierswerealreadyabundant in theoriginal sludge [38–42].
Lysinibacillus sp. [38], Bacillus sp. [39] and Paracoccus sp.
[40]werereportedlyable toefficientlyaffordsimultaneous

Table 1
Sequencereadandalphadiversityparameters

Sample No.of 
Reads

No.of 
OTUs

Shannon 
index

Ace  
index

Chao1  
index

Good’s 
coverage

Simpson 
index

Activesludge 65,081 1,447 2.24 107,396.14 32,846.14 0.98 0.24
Anodic biofilm 64,231 2,323 4.37 30,141.05 14,797.24 0.97 0.05
Cathodic biofilm 70,959 3,311 4.53 38,760.37 18,161.26 0.96 0.04

 
Fig.4.Cyclicvoltammogramsofthebioanodeandbiocathode,
respectively.

 
Fig.5.Bacterialcommunitycompositionofbiofilmsatthegenuslevel.
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heterotrophic nitrification–aerobic denitrification reactions, 
while Brevibacillus, as one of the gram-positive denitrifying 
bacteria,arewidespreadintheenvironment[41].Thegrowth
of Tissierella was reported enhanced after the addition of 
nitratetothemediumandmightbeinvolvedinthenitrate
reduction[43].

After incubation in the BESs, Paracoccus sp. (15.86%)
showed rapid growth in the nitrifying biofilm of the anode 
and Pseudomonas sp. (14.90%), as the newly appearing
denitrifier, became the most dominant bacteria in the 
denitrifying biofilm of the cathode. Pseudomonas sp. has
already been studied in detail and exhibits efficient
denitrification under anaerobic conditions [41,42]. This
indicated that Paracoccus sp. and Pseudomonas sp. might
play the greatest role in the anodic nitrification and cathodic 
denitrificationinthisBES,whichis inagreementwiththe
resultsofZhanetal.[31].

Othernitrifiers,suchasComamonas(12.24%),Rhodobacter 
(4.04%) (which are capable of heterotrophic nitrification–
aerobicdenitrification[44,45]),Sphingomonas(4.82%)(which
hasthepotentialtoparticipateinammoniumoxidationvia
heterotrophicorautotrophicnitrification[46])andAcidovorax 
(1.51%) (which are responsible for ammonium oxidation
in the partial nitrification process [47]), and potential
denitrifiers,suchasAzospirillum (10.72%),Azoarcus (7.54%),
Geothrix(6.95%),Thiobacillus(3.13%),Ignavibacterium(2.11%)
and Desulfovibrio(2.07%),werealsoenrichedinthenitrifying
anddenitrifying biofilms, respectively. The involvement of
Azospirillum and Ignavibacterium [48],Azoarcus[49],Geothrix 
and Thiobacillus[50],andDesulfovibrio[51]indenitrification
has been well studied. The growth of these nitrifiers and
denitrifiers was attributed to the applied electrical power,
and they might also participate in the nitrification and 
denitrificationprocessintheBES.

Electrochemically active microorganisms are organisms 
capable of transferring electrons to and/or from solid-
phase electrodes via direct extracellular electron transfer
orredox-activecomponents[52,53].Amongthedenitrifiers
in the cathodic biofilm, Pseudomonas [54] and Thiobacillus 
[55] were reported to exhibit electroactivity. Su et al. [54]
have shown that Pseudomonas alcaliphila strainMBR could
utilize the electrode as the electron donor to enhance
the nitrate reduction process. Moreover, Kato et al. [55]
revealed interspecies electron transfervia electric currents
through conductiveminerals fromGeobacter sulfurreducens 
to Thiobacillus denitrificans fornitratereduction.Pseudomonas 
and Thiobacillus may play important roles in denitrification 
incathodicbiofilmhere.Geobacter, as the electrochemically 
activemicroorganisms,havebeenwelldocumented[56-58]
andweredetectedintheanodebiofilm,althoughtheyonly
accountedfor1.15%ofthetotalbacteria.Theseresultswere
in good agreement with a previous study which showed
that Geobacter was identified in the anode compartments 
of BESs for nitrogen removal through nitrification and
denitrification processes [53]. Geobacter have not been 
reported as nitrifiers, and might not be directly involved 
inammoniumoxidation,butcooperatewithnitrifiers.The
electron transfer mechanisms of this relatively complicated 
microbial community of the anode and cathode biofilms
could not be ascertained in the present study. Further
studies on the synergistic interaction andmutual relation

among electrochemically active microorganisms, nitrifiers 
anddenitrifiersarewarranted.

4. Conclusion

This studydemonstrated enhancedNH4
+–N removal in 

aBESwithfabricatedactivatedcarbonplatesaselectrodes.
These ACP electrodes exhibited strong electrochemical
response. The removal of NH4

+–N improved by increasing 
the applied voltage and this performance was comparable 
with that of BES with a carbon felt electrode.Analysis of
the biofilm community suggested that the nitrifying and
denitrifying bacteria that could survive on the surface of
ACP were highly diverse and that there were also colonies 
ofsomeelectrochemicallyactivemicroorganisms.Theresults
ofthisworkdemonstratethepotentialfordevelopingacost-
effectiveelectrodeforefficientelectro-catalysisinBES.
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