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Table 1- Physicochemical properties of the sludge

samples
Ol

Mbed o 2l Foli
e A

/A vis - PH e

v/o VF/A glL  (VS) ) clals clale

o/ Y/¥ g/L (TS) S wliely clale

A vy yA VSITS

ol oo el s (gilga o oAb pan (2l esliil 550 midls
oIS Byae ((lapuslS g, S Bls (gl b el BB dbias
2 A88 VD Sde &y g 0ad (Jyl sl L el (o (59,0
ilwodlel (el [VA] w35 6yl 31,5 o a3 Voo slod
) Bl b 4 Sl oo 5 ady) slogad 5 V- el

&S x5 Creative Commons Attribution 4.0 International License (CC BY 4.0) ; ;s 51 S !




Fl o en g byl (5,50 asbl

b sl ilid 039 Cunglio 0 (gl jilid ol anilne (4l
b o o (ol 56 4 45 L 3,5 0 Slusloms
VY] el o o @0 o a5l i Bl S 5l (s )pgee 0
av PA?
dt — u(rcV+RyA) (v)
dowgio cod 1 Slo Colue A lid <8l P (V) 5g8 alaly
oy 123k o (gl s 323 bl 13 (Bl ) o) Lo
5 4 s bles o & i il o5 Sl oS i
b Glgie @ UV s & b s 4 Jgoib e 5l 050
290 48,5 iy ol ) (V) s il o
L #rc 4 BRu (¥)

A das dilee S iyl g ol Db OIS slie i
Cud 4 0 9 ¥ Lalyy dae jl poye lyie 4k g b cud lge

2PA?
SRF = 9= (¥)
Ry =2 ®

S5k 5951 5 podly s 501 5 1

P Ggmiliwgus 1l Jshoign (syeddy il gl slaie
O Gdo 4y BBy jgd Fovr S b syl oo 00 slady o
OIS plgie 4 gy @l B 00, (68l g ord oyl aiids
sl 55 ol gy b (6 glaan Joloig s yeddy dlge Jsloo
Jolore ad 5l o 28,8 1,8 edlitwl 350 500 slaaY (gilolis
Il 01)8 ez = (Sjg Moy /0 clale b WIS s
2 odlo B o L cply plool oS Sl a0 Ve gled jo
b 8l cllo 3 latiges 5 135 3heo Jsbro (e | 5l las 0
L eoly IS0 4By Ve e 4y dABD yy 590 VO Caspu

B>y y90 Feve Copo by oglgy Jolbs grilusgus sl >
S¥gm B Olie 4 (29) @lo g M Joan il 4l N Dk
g dn Al po 53 035 Cdlp Joko (192 (6 yeshs Slge Cunns
Bleo S )3 0)ligd 20> +/+0 LIS o Jsloe )3 0)lg3 (2
A 03> iyl a8y Yr e 01,8 Bl dn d Ar gled jo
488> V0 Cde A dBd y y9d Feer Copw b bbdiged g
b (ol g sresh lge wSome (sisy (i50 b A foudy il
5 ouBs gl gy e cabyo o (Ll )3 95 (5)glgen 5 00
FogySe [¥0 33le Jlad L (Slo 5l g sla s plosil Sl iy
=~ g Sl o3kl L 5 Jolowe lyaungr S slgizes A5 03l e

A8 Y Gde dy by a5 Cols 901 )S il 4y VAL b adds (4l

5 5 olasly alos 1ol ol 352 2y oo ) 55 e 1
olos 55 (6,503l [YY] o 3 kil S illas )b cluals

5 plosl s 5,55 a5 g S0l

N S

35 7 N b 5 (SOOU e 5k o bl

9550 S Joho 5 (SB35 6y el Sl - S5
Figure 1— Schematic of the hybrid dark fermentation and
microbial electrolysis cell system
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Figure 2- Type and percentage of volatile fatty acids in primary sludge substrate at different pH values during the dark
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Figure 3- Type and percentage of volatile fatty acids in waste activated sludge substrate at different pH values during the
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Figure4- Effect of different pH levels on hydrogen production from primary sludge during dark fermentation
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Figure 5- Effect of different pH levels on hydrogen production from waste activated sludge during dark fermentation
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Figure 6- Type and percentage of volatile fatty acids in primary sludge substrate at different pH values in the integrated
dark fermentation—microbial electrolysis cell system
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Figure 7- Type and percentage of volatile fatty acids in waste activated sludge substrate at different pH values in the
integrated dark fermentation—microbial electrolysis cell system
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Figure 8- Effect of different pH levels on hydrogen production from primary sludge in the integrated dark fermentation—
microbial electrolysis cell process
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Figure 9. Effect of different pH levels on hydrogen production from waste activated sludge in the integrated dark
fermentation—microbial electrolysis cell process
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resistance and capillary suction time
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Figure 11- Effect of applying the integrated dark fermentation—microbial electrolysis cell process on the distribution of
extracellular polymeric substance components in primary sludge
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Figure 12- Effect of applying the integrated dark fermentation—microbial electrolysis cell process on the distribution of
extracellular polymeric substance components in waste activated sludge

aallas ¢ filie ;0 [VA] 555 oo dilolos 5,Slos il o go jlade oyl 5l
Mo p g plp PH lade g yg el MG )3 a5 ol LisLi
Colld oo e 0 PH &S Jls 3 il (o yuun 1) (59500
Spas 2L 35 U8 pH ol 5 395 00 iojerhen slacs ySb
2 e sailobo ) yoomen [YA] M o (il ]y lying S
230 33 (9)h Mg (> 9 039 o3 S disgy PH ojlh 0 lSY
de 13U Cuenl [V ] Cunl sl (5155 50 MO sile oL pH
clale )3y [ ol dgpie )8 2 sl @i pH
0390 Mg sl ppe p losiiis Sy 5 gy il
Gl USY e (SO e > (Jle sl IS
Slold g wdl cute (Stwrer (ig)in Mg SRl L Clys
0391 yudi (59030 M5 sl l20y53 )3 pgrdy NS unslS g Se
5,Skae LinlS olyan dy SESY 5 il ilpl &8 o 5 e
S amd e ol ol Limgh sbeadl [YY]cw! ey ko
On 05 P p (S clld ol egMe pH el
Sypots |y (Sdplio la o 5 IS 5L 55 Sl Y oo
ez el Wy Glaanld ) (pizxen A8 (oo SIS euiine
9 4l (Sae |y 035k cpyide ¥ & S35 pH jlude 0bsS 0 5
Oisrp Mg sly e pH jlade 385 pilats o5 s o i3
Sl g Cuows 4 dilolw Culia g (il WY quaste Cu e (gl 4SSl
ol gk onl s ggecme Gimen [YV] Cwsl (gy900 Sua
kol some fge (Jol el S plgiea pH Jlde o5 an3 0
Wyl Sl s glaaibls (gloaie 5 S (b
Garge lod GRIBIL ()l dhad (i il o slod 4 09, 0msn

g .\ul)s 5 L;’L.LQ; L;Lmﬁ;:,o u’)’LSDL*’ )‘| 65\» pH )inia
9 u.iaJyL.A dlm).mwc J).‘.‘S » LS“’J-'-SQ-‘;*” L):“'Q') 9 Caws) Lsiﬁ)b
PH ooy cal)d ol (s bl )3 20503 (3395000 A5 2
0u jlo Glie (o ySh Cupmen oo crge WS & (gl o3
Cogll (igpdepan o8 Mg Glojrws 3 1) SUjg)0 wile sulS
PH 028 53 oytugw Joas (08 5 ou il (5)lul a5 o
S ) (5la s Con 2y S5Vl L IS 155 a5l ol
bulyd lgie 4 o35S job 4 F B0 Igas ply pH Hlide 0,ius
O el edd SIS Gigpamen W s elide) Gln ase
SraisS ohad ((yioyup caiiSuly sla oSl culled odgu0m
4 I OlS 5 a0 Gl cage 5 S o Jited 1) pody S
Sloals uL.u Olalllas @Lu 39‘»@ U)ﬁ)'\&’% 9 )‘)3 <> dl.b.).u»l
Qg baore A5 S ghwl Cuow 4 dx w0jl ol 5l Blpol &S

P O39rken Mg peguwee ialS 4 (ol ad 5ol Cue
& o35 (98l g 0dd Jie el g (29)Swe Cllad 1) 03945 o
LYENY] Sl i Giopid s sbcdabio Wy Cuow
5 b g PH i 4 imd oo s iy Sl <l
9 Tang  @ges ly .l (095500 glainl S g juw g9
085 alold 5 S o wal 3 ]y (g)em Mg 033 oyt sl p5Y

&S x5 Creative Commons Attribution 4.0 International License (CC BY 4.0) ; ;s 51 S !




Vo) Sed 5 byl (6,85 aabld

SIS b Al ol 2980 el W5 g gk e @ s
@ (29550 Jlg Sl Joho (39381 Wlosls (LS &S ol guan S0
oo > Sl 5w &5 Gl el ilsne calols
[YFXV] 235 oo oaialy

(9,50 e Sl Joho 9 (S0)U 3005 a0l)8 oy alol >
FB Gl el (plondg Sl 5 (gt s iSTy Glojen plos
o I LS 5 (S Ao po 3 5 0950 (is)ken Mg 2
(lordg Sl dape 53 g Wgdo b sl
5 0o 90355 dpST ) gl ol Jlab Sl (slaeusilSlg o
Ddse RS Bierke 4 S (15 53 oS WS oo Mg (9]l
Clld ol )3 (lodilS s B G5 yia Al adgl e
@l 4 g by o) Judg sl g jlodesl sbaeusls)lg S
ollae Jlade pleo ailobu cpl sl cuslie jlade 39290 oo
Cnl sladidl 5,8 (o )13 (29ySee 39 sl Jols 5 (S0 ppe5s
sal)8 g 5l (lalys £ b ol ) ansel o o i Baios
Sy (1385 Jlb L g 03)5 3l (29,50 09)5 53 1 (sl
Oiorten 395 lie st oo iU AT s g ol
o) S SIS 3 &l oS ioman Sl s |
5 Ssls 5 sl e sl lgsSen culld e 4 wlab
o359 ySUl sl (pgh slaylSaly 53 g 03,5 SS9y S
S HlEe Mo yd AD 39 U1y 5900 (Jge 035L Cowl ditwiles
(Pd Gpha s GBI L Sl el Gl [TA] aes (13
Ot g Gil3l g S S5 Bras drg LB dgs cage
oyd iyl e 0 cgladllas (0 ad o olowig Sl dls g 40
2y cdn I G &5 40,5 Bpae SliangS ) e )S e 154
bo 59yt (g yiws odmd Ut g Conl jlas iy (9 diged
92 4325 BB 0 g &

Mo g 031> al38l 1) ()9 0e S5 035k (izmen o iay
Jibg e ol osibis) )13 dlse .5 o il oo AVIDY 4y, T g5
Cunss el YV 0 g5 25 g VL o a0 L5 Mg Slej
OgeliaS] Sgru 9 (o HlSlo (B3l | (SU &S e )
Caol (2> 5 s ] Sl 059 )18 Gy lasw]
2 ke YA ply eldadsi e 08 Jlewn jlade cnl 2 0gMe
Aol e s iSh e il yd Sy )3 dlse p)5
O3S Span Sl (555 Jlesinia ggerme 3 ol )l
Gl g Shag S g gy (SCOD) Jsko (olowd (25>
wgee b 4 |y albole olendg iUl DI (j9rhn Mg
Pty BB Chus (G)lp adal iy (Y] S e cogl
S rosly Slge NS (o Sl Sl B9 ol Slse Sl 5 LS
Al sl Blo L g b opgy Jold bies o8 Jolo gy

o3 (xS 9 syl (Sladign 9 o2 (e e Ul o 55
Sl 5 ol S8 5 (sl I g 03,88 450 (S L
o sl ol S e |y sl 1 dlse e
slp gopwd JB bojiange g 03p Vb Iy bOlang s
Sy ol s 0 oyl eeld Lo slac st
sl 5 )18 o clasel g g aly (Rl 035 0
O e (e dgde Cogll (kg JB job 4 oligS 0o
3fdes B 5 o2 39 @S 3 oo LB ()l les
IFY) 88 o ] (Sl spass 213

9 ML ool (gl jw (Sl bl i csladdllas
Mo Siliel el ol 5 lo djd Ve slod o slie mlio dilow
) ead Shawg S p)S 5 sl e VY/AD 4 AF/FA I 159,00
M a5 bl S 5 g o s o sl b 35 315 Lo
Voo aylod iol38l Lol g ddgi o )lajl colusS )5 aSCyl gy g
b 59y Mgi (shoyd Ve g EalS 4y e 3l )S Bl dx
3 D990 0dbw LS 5 plo g b s 5l i co o o] s o
Sloog S sl oyl ol Sas 5 e dlewy
Fo £ & OB 4 (g Mg o Jlcnlply g 03s e
dayd Ve gl 0 e olisS Sl dday L[] Canl g
He Blay 5 BB 50 bl 43 el A ©o 5 31,5 ol
(sl 122153 5 205 3131 T oalo (5136l8" 5 Joloro 250 b 5 Jlos
My ol el adaigtn ool b dge SO 03 9
Sl & Jgrhe oS yio +[+¥F g (oo 2o YFIF U (g 0
58 (Slgsten o ploj ©ote 5 15 gl Kb oo o S5LS
ol (Ui 50> sladlae [¥¥] 55" ate |y W5 o33k 3 (39, 0)
a3 ol 4oy WY led 0 OB od )l il i
S8 )19 S (gm0 AN LidlS )3 e (il 8D Ve e
Sl s (gilooslel g ails oo JT (i5u 5s)0m 5 (65900 08
V0] 558" Joteus 1) yrass 42215 ploxl

2 lodsl lag 8L Sl 4 a9 b ad ool (LS gladllae )
Iy 0,Slos oy yiag (P10 6 0/0 dg00 pH 03gizws ) (gums] byl 1
3,50 S g 3> Jiby 7SI (sl 3, i izl
PH saalis sl daniy cullsd £/ 350> pH lads ;3 Yoare
055 A0l (S 5 B9y 9 (Se)b e wlel 93 pn 3 F i
[PV ol 0392 51 5 (29, Sm 33 5501 Joho 5 (S

oo 5 (S 535 alh S5 gy >Sos (st ol
o S5 (S e 28 455 b Ao 13 5, Sen 550
Sl 4y 55y el 03 SIS 8 G slatg] M55 Sy
2l w3 o &y el g8 dls o 3 Bies J15 0 sl W)gs
e oS o) Jsbo ik 392 45 A8 o ol Rast

&S x5 Creative Commons Attribution 4.0 International License (CC BY 4.0) ; ;s 51 S ol




OF9riRen Mg e alygle alols

07 65l sl )lS (eSme (g (Jsho (g (5 pesd Blge Bl
LEF] b oo g

(5 5 o

9 SO 358 Ml S 5 &5 amd e (U gy cnl gl
(s rp) 42)lSo aibobo G lgis 4 (29,50 g SUl (sl Jobes
9 O39rdemam g5 03]k lejen Sge (sl Y (63,Sdas b |l
288 5k Glon unl Jlay08 (e S opd (61T 2
ol (SH,U jass slacudgione il odid ()55 e Clelllas
Alge d dgaoxe (g yiwd (Sl 5 Lo e slags ySL clled g g2
ol 20 33 39340 oy ]

2> Ol Gl dls yo (515 & o8 200> L5 @Sl wizeen
Mol sladols 9 (Sl oS A0S (S5 oy olyen &
Gilodljl g (LS'sls) od (claasd sl Cownd ceb 09,See
oo Gl ol am > a5 25 s 09 s
Sl By ld Gl g sese JIoslse 4 i
ke 510 (559,80 Mg 0 Cute U ole )3 9 a9 Se
I JSize (g p) (o5 5 ailolio (655 &4 c0)j9 e dinte W95
slacodgiome @) (Sl (o6 pedd g (29,50 Slg Sl Jobo
5 Sikoie wald 1y il a5le placlplie Lis Sesliydses
3o Gl ]y s Mg ol ool

oy 5l odlawl as oy Lis ey oyl j ol om0 s
2955 Je Sl o Joho 3)Sdos 550 (sladdial Gl 5 cawlie
0 iyl die) 3 AdBu 0 dete g B ol 42
5 ok 092 Srely Age 058 b olberdy Sl glaanl B 5
GiSe lej g amlyild ohg Cuglie (Ol (Siea jialS
xSl a2l (63 )Slae (Ul cnl 2 ogMe g o3> LS, (glaidge
babiabal )l 5 U8 5 Jo> slaanja (ialS )3 oge S
syl Ll el 5 (glul cuenl 4 g LS o )
S 5 Mg gie gl oML e I eslatl (glalls
5 352 lall ogle 3 Wy Wlewy Fhe Copie el
S ) S B8 () 065 5] el Sl 4138

‘3‘:)45 9 ’&W&”

D50 (5 Ken adllas pbxl 3 & SluS a3l dlis By

doye ) Cubligy dolilad /N

el Jate (2 (e g Joho gaw 4 oS0 ©jg0 &) (b
Ao JliSbo 13 oS 9 (Fi9r0d Slodign s el &)l > Jlos!
092 Syosk Slga Jobj i g dgde Jske (g ek
WS (oo it Jolore g o (g9 £33 1 ]) 0S50 (g (Jgbo
Cubll (ol el Yaame (Jsho gy sy dge il [14]
S slealil glo o S sladsSlse 15 gbie 55!
(S e Wil sladal i by, (Jl ool b g o0
Sl g 28 oo s Jolome b ]y oo 192 (5 yosky Slgo
4 e o gl 0 dljl oo Juate Jsh (ig 2 (6rel Slgo 41 &S
lod )3 5yl ashuai i [¥+] 358 00 5 (g SOl bl dgu0
dgbg 3 (obo i Gl K Gde & S Bl s A
el Loy Ll S o L) oMol Jlb oo s pivs S
a oo o gldlil g (oo (ig0 s yosly Slgo 3l (oS 50
o Sl lgie 5 laidge G ploj St cmi 53 9 39500
PEV] b il 38l gyl bl 5 asily inls

P Qo oy Cuaglie a5 ol (LS (Sl Hgphes i
oS oly L Wodls sl 4Bl sgup (g SOl bl g 4l ialS
slogle () B3 Sty Sl asdls 36 L Syl gk
ilotid gl 1y Lol el ol g e ilS |y @3 oy sl
6 youls Dlgo (claayY asdly 15 lod y2l531 L ol oo picalio @)
bl Ginls b olis yy Canns GXig g oS0 GNigm (Jobo 9y
Syoah dlae 31 &S Jbo 3 09 0 o]y od @lyd o dlisl
G a5 BB Gl opd 3 3l Jlowe g Jobo 192
odd S e b Vb slod 3 (Sl adal iy oS 5 [FY]
ok Qo ek Ao il g (pd wiile ] Ll o 55 el
)3 0 jpae Ol (IS 53 (ot A &S 098 o0

o bl g ool galS 1y od @lyd e Hb cpiomen aul b oyl
§ e oo 5005 & jeol) )b aod )0 S o S ) g
Cuoglie yidlS &y (g ld b il cpl s o ddigs WSS
ndy Sl g o (latdse (1S loj e 5 (sl b 032
3213 sl 4T e iy o0 290 (A2 HB oo 421, o)
015 )8 o ol g o N dlse ity jg)am el yrass
TEV] 08 oo ol (680l aly (el S l3al )5 (eSS i
V9 ok (19 S pesk Slge GRS &S md o (Lt Sl s ]
@b ofsg Caoglie LIS 5 (gl il dgnte Crge G g S
2 Solite Sl Jole ok (19 (6 echy 3o ol il & Jbs
O9r S ol Slge y> Bl Al (g i 21 (2 gl ilid
sy St ) o9 ndy Sl Sl oS gy Jslo
J5 ol (Sae oSxe (¥59m ok (90 (5ol Slge cnl 2 0gde
g XS 6ol Wi olie 5 T it 51 a8 am> St |y sl

&S x5 Creative Commons Attribution 4.0 International License (CC BY 4.0) ; ;s 51 S !




VoL o)\ Sad g byls (6,85 aabold

OB Ny ¢S5 )lin

S B el S sadlas ()b g o

Ol (655 aablé Hlaodly (640 gex

Ol (558 4abl (i (BB il ST :laodls s § Jelos
Obl> (658 aabld :dlie g i ()

(NS B il SSB s ale (slgimee jlas Sl dlde (ool sl
SLBT planl Wl

Ean igd 3l p3liiw!
U998 5l 2909 S o pgal S Glpg lp dlie g
Gl o odla (Chat GPT) Egaas

References

1-Gomonov K, Permana CT, Handoko CT. The growing
demand for hydrogen: current trends, sectoral analysis,
and future projections. Unconventional Resources 2025;
6:100176. Doi: 10.1016/j.uncres.2025.100176.

2- Zhang Q, Jiao Y, He C, Ruan R, Hu J, Ren J, et al.
Biological fermentation pilot-scale systems and
evaluation for commercial viability towards sustainable
biohydrogen production. Nature communications 2024;
15(1):4539. Doi: 10.1038/s41467-024-48790-4.

3- Cheng D, Ngo HH, Guo W, Chang SW, Nguyen DD,
Zhang S, et al. Impact factors and novel strategies for
improving biohydrogen production in microbial
electrolysis cells. Bioresource Technology 2022;
346:126588. Doi: 10.1016/j.biortech.2021.126588.

4- Yang G, Wang J. Enhancing biohydrogen production
from disintegrated sewage sludge by combined sodium
citrate-thermal  pretreatment. Journal of Cleaner
Production 2021; 312:127756. Doi: 10. 1016/ j. jclepro.
2021. 127756.

5-Wei Y, Zhao H, Qi X, Yang T, Zhang J, Chen W, et al.
Direct interspecies electron transfer stimulated by
coupling of modified anaerobic granular sludge with
microbial electrolysis cell for biogas production
enhancement. Applied Energy 2023; 341:121100. Doi:
10. 1016/ j. apenergy. 2023.121100.

6- Qin J, Zhu Z, Chen Z, Wang X, Zhang Y, Chen H.
Synthesis, characterization and application of dewatered
municipal sludge-based creamsite and its phosphorus
adsorption characteristics. Journal of Cleaner Production
2023; 391:136216. Doi: 10. 1016/ j. jclepro. 2023. 136216.

7- Li XH, Liang DW, Bai YX, Fan YT, Hou HW.
Enhanced H2 production from corn stalk by integrating
dark fermentation and single chamber microbial
electrolysis cells with double anode arrangement.
International Journal of Hydrogen Energy 2014;
39(17):8977-82.

Kdls L&
)5 bl olaS 5Kt By adllae oyl )

adlls Jlo cymols

Ol yos owdine 0aSily (3 18 aol L 5l a8 )Ty sl dalllas
al bl 2ok Ly i g oKl ) e g O
Lol DAYALYY

W Ol
)5 (IS Sllas Mo adlllas ]

8- Ahmad A, Rambabu K, Hasan SW, Show PL, Banat F.
Biohydrogen production through dark fermentation:
Recent trends and advances in transition to a circular
bioeconomy. International Journal of Hydrogen Energy
2024; 52:335-57.

9- Akbay HEG, Deniz F. Enhancement of biohydrogen
production efficiency in dark co-fermentation of sewage
sludge and fruit processing wastes through ultrasonic,
alkali, acid, and thermal pretreatment. International
Journal of Hydrogen Energy 2025; 131:70-81.

10- Zhou P, Li D, Zhang C, Ping Q, Wang L, Li Y.
Comparison of different sewage sludge pretreatment
technologies for improving sludge solubilization and
anaerobic digestion efficiency: A comprehensive review.
Science of the Total Environment 2024; 921:171175.
Doi: 10.1016/j.scitotenv.2024.171175.

11- Mitraka GC, Kontogiannopoulos KN, Batsioula M,
Banias GF, Zouboulis Al, Kougias PG. A comprehensive
review on pretreatment methods for enhanced biogas
production from sewage sludge. Energies 2022;
15(18):6536.

12- Usman M, Kavitha S, Kannah Y, Yogalakshmi K,
Sivashanmugam P, Bhatnagar A, Kumar G. A critical
review on limitations and enhancement strategies
associated with biohydrogen production. International
Journal of Hydrogen Energy 2021; 46(31):16565-90.

13- Zhang Y, Xu S, Cui M, Wong JW. Effects of different
thermal pretreatments on the biodegradability and
bioaccessibility of sewage sludge. Waste Management
2019; 94:68-76.

14- Marone A, Ayala Campos OR, Trably E, Carmona
Martinez AA, Moscoviz R, Latrille E, et al. Coupling dark
fermentation and microbial electrolysis to enhance bio-
hydrogen production from agro-industrial wastewaters
and by-products in a bio-refinery framework. International
Journal of Hydrogen Energy 2017; 42(3):1609-21.

15- Posadas-Hernandez M, Garcia-Rojas JL, Khamkure
S, Garcia-Sanchez L, Gutierrez-Macias T, Morales-

&S x5 Creative Commons Attribution 4.0 International License (CC BY 4.0) ; ;s 51 S ol




OF9riRen Mg e alygle alols

Morales C, et al. Enhanced biohydrogen production in a
membraneless single-chamber microbial electrolysis cell
during high-strength wastewater treatment: effect of
electrode materials and configurations. International
Journal of Hydrogen Energy 2023; 48(2):495-513.

16- Cao B, Zhang T, Zhang W, Wang D. Enhanced
technology based for sewage sludge deep dewatering: A
critical review. Water Research 2021; 189:116650. Doi:
10. 1016/ j. watres. 2020.116650.

17- Masihi H, Gholikandi GB. Employing
Electrochemical-Fenton process for conditioning and
dewatering of anaerobically digested sludge: A novel
approach. Water Research 2018; 144:373-82. Doi: 10.
1016/ j. watres. 2018.07.054.

18- Zeng Q, Huang H, Tan Y, Chen G, Hao T. Emerging
electrochemistry-based process for sludge treatment and
resources recovery: A review. Water Research 2022;
209:117939. Doi: 10.1016/j.watres.2021.117939.

20- Yang G, Wang J. Enhancing biohydrogen production
from waste activated sludge disintegrated by sodium
citrate. Fuel 2019; 258:116177. Doi: 10. 1016/ j. fuel.
2019. 116177.

20- Oosterhuis M, Ringoot D, Hendriks A, Roeleveld P.
Thermal hydrolysis of waste activated sludge at Hengelo
wastewater treatment plant, the Netherlands. Water
Science and Technology 2014; 70(1):1-7.

21-Syaichurrozi |, Hidayatullah MA, Nurullah A,
Suhendi E, Kustiningsih I, Susanti DY, et al. Enhanced
biohydrogen production from palm oil mill effluent using
single-stage process of dark fermentation and microbial
electrolysis cell at various initial pHs. Renewable Energy
2025; 249:123161. Doi: 10. 1016/ j. renene. 2025.123161.

22- Baird RB, Eaton AD, Rice EW, eds. Standard
methods for the examination of water and wastewater.
23rd ed. Washington DC: American Public Health
Association 2017.

23- Sanchis-Perucho P, Torres KMM, Ferrer J, Robles A.
Evaluating the potential of off-line methodologies to
determine sludge filterability from different municipal
wastewater treatment systems. Chemical Engineering
Journal 2023; 468:143537. Doi: 10.1016/j.cej.2023.143537.

24- Sadat Hosseini SA, Badalians Gholikandi G.
Performance improvement of thickening and dewatering
processes of biological excess sludge and anaerobic
digested sludge of municipal wastewater using acid-
thermally modified Nano-Montmorillonite. Journal of
Health in the Field 2025; 12(4):51-63 (In Persian).

25- Oshiki M, Yamaguchi G, Takahashi K, Okabe S,
Kawano S, Nakagawa J, et al. Thermophilic dark
fermentation for hydrogen and volatile fatty acids
production from breadcrumbs. Chemical Engineering
Journal 2024; 501:157633. Doi: 10. 1016/ j. cej. 2024.
157633.

doye yd Cubligy dolilad VY

26- Alvarez AJ, Fuentes KL, Arias CA, Chaparro TR.
Production of hydrogen from beverage wastewater by
dark fermentation in an internal circulation reactor: Effect
on pH and hydraulic retention time. Energy Conversion
and Management: X 2022; 15:100232. Doi:
10.1016/j.ecmx.2022.100232.

27- Sun X, Wang Z, Wu W, Zhou S, Li J, Yan B, et al.
Dark fermentation of biomass for enhanced hydrogen
production: A review of pretreatment strategies,
microbial enhancement, and process regulation.
International Journal of Hydrogen Energy 2025;
175:151546. Doi: 10.1016/j.ijhydene.2025.151546.

28- Tang T, Chen Y, Liu M, Du Y, Tan Y. Effect of pH
on the performance of hydrogen production by dark
fermentation coupled denitrification. Environmental
Research 2022; 208:112663. Doi: 10. 1016/ j. envres.
2021. 112663.

29-Li X, Guo L, LiuY,Wang Y, She Z, Gao M, Zhao Y.
Effect of salinity and pH on dark fermentation with
thermophilic bacteria pretreated swine wastewater.
Journal of Environmental Management 2020; 271:111023.

30- Ziara RM, Miller DN, Subbiah J, Dvorak BI. Lactate
wastewater dark fermentation: the effect of temperature
and initial pH on biohydrogen production and microbial
community. International Journal of Hydrogen Energy
2019; 44(2):661-73.

31- Aranda-Jaramillo B, Garcia-Depraect O, Aguilar-
Juarez O, Archundia-Amador M, Ledn-Becerril E.
Continuous hydrogen production from cheese whey in a
single-stage lactate-driven dark fermentation reactor.
Journal of the Taiwan Institute of Chemical Engineers
2025: 106307. Doi: 10. 1016 /. jtice.2025.106307.

32- Prakash NS, Maurer P, Horn H, Hille-Reichel A.
Valorization of organic carbon in primary sludge via
semi-continuous dark fermentation :First step to establish
a wastewater biorefinery. Bioresource Technology 2024,
397:130467. Doi: 10. 1016/ j. biortech.2024.130467.

33- Ahmadi H, Jalil A, Khan S, Fabrice N, Zhang C, Yu
Z. Optimized biohydrogen production from sewage
sludge: Advanced pretreatment strategies in dark
fermentation and microbial electrolysis cells. Energy
Nexus 2025; 100573. Doi: 10. 1016/ j. nexus. 2025.
100573.

34- Gottardo M, Dosta J, Cavinato C, Crognale S,
Tonanzi B, Rossetti S, et al. Boosting butyrate and
hydrogen production in acidogenic fermentation of food
waste and sewage sludge mixture: A pilot scale
demonstration. Journal of Cleaner Production 2023;
404:136919. Doi: 10. 1016 /j. jclepro. 2023. 136919.

35- Kotay SM, Das D. Novel dark fermentation involving
bioaugmentation with constructed bacterial consortium
for enhanced biohydrogen production from pretreated
sewage sludge. International Journal of Hydrogen Energy
2009; 34(17):7489-96.

&S x5 Creative Commons Attribution 4.0 International License (CC BY 4.0) ; ;s 51 S !




W e 5 byl (6,55 aabld

36- Yu Z, Leng X, Zhao S, Ji J, Zhou T, Khan A, et al. A
review on the applications of microbial electrolysis cells
in anaerobic digestion. Bioresource Technology 2018;
255:340-48.

37- Li M, Zhang Q ,Liu Y, Zhu J, Sun F, Cui MH, et al.
Enhancing degradation of organic matter in microbial
electrolytic cells coupled with anaerobic digestion (MEC-
AD) systems by carbon-based materials. Science of the
Total Environment 2023; 900:165805. Doi: 10. 1016/ j.
scitotenv. 2023.165805.

38- Gardufio Ibarra IR, Tsitouras A, Tanga S, Kinsley C,
Baranova E. Electrochemically  assisted dark
fermentation for enhanced Hydrogen and Butyric Acid
production from brewery waste slurry. Bioresource
Technology Reports 2025; 102238. Doi: 10. 1016/ j.
biteb. 2025. 102238.

39- Cabeza C, van Lier JB, Van Der Steen P. Effects of
thermal and enzymatic pre-treatments on the
solubilisation of extracellular polymeric substances
(EPS) and subsequent anaerobic digestion of microalgae-
bacterial biomass. Algal Research 2023; 72:103130. Doi:
10.1016/j.algal.2023.10313040.

40- Zhang J, Li N, Dai X, Tao W, Jenkinson IR, Li Z .
Enhanced dewaterability of sludge during anaerobic
digestion with thermal hydrolysis pretreatment: New
insights through structure evolution. Water Research
2018; 131:177-85. Doi: 10. 1016/ j. watres. 2017. 12. 042.

41- Chen X, Huang J, Zhao J, Hu X, Zhang J, Yu X, et al.
Destruction of sludge floc and extracellular polymeric
substances structure by natural deep eutectic solvent with
thermal treatment assistant for synergistic promotion of
dewaterability and protein recovery from waste-activated
sludge. Journal of Environmental Chemical Engineering
2025; 13(3):116702. Doi: 10.1016/j.jece.2025.116702.

42- Wei Y, Zhou Y, Wang S, Chen H. Understanding the
mechanism of thermal hydrolysis to improve sludge
dewaterability based on surface thermodynamics and
XDLVO theory. Journal of Water Process Engineering
2024; 68:106514. Doi: 10. 1016/ j. jece. 2025. 116702.

43- Shi X, zhu L, Li B, Liang J, Li XY. Surfactant-
assisted thermal hydrolysis off waste activated sludge for
improved dewaterability, organic release, and volatile
fatty acid production. Waste Management 2021; 124:339-
47.

44- Wu B, Su L, Dai X, Chai X. Development of
montmorillonite-supported nano CaO, for enhanced
dewatering of waste-activated sludge by synergistic
effects of filtration aid and peroxidation. Chemical
Engineering Journal 2017; 307:418-26.

&S x5 Creative Commons Attribution 4.0 International License (CC BY 4.0) ; ;s 51 S ol




< One
s Health

Jounrnalfof

BehdashtdaryAse hSErrs feis
. fin (Do TR

Journal homepage: https://journals.sbmu.ac.ir/jhf VOI13, N03, Autumn 2025

Performance evaluation of an innovative hybrid dark fermentation—microbial
electrolysis cell system for biohydrogen production and sludge dewaterability
improvement using primary and waste activated sludge

Fatemeh Shokri Dariyan?'*’, Gagik Badalians Gholikandi*'>", Bijan Yeganeh*'*', Ehsan

Aghayani®
‘Department of Water, Wastewater and Environmental Engineering, Faculty of Civil, Water and
Environmental Engineering, Shahid Beheshti University, Tehran, Iran.
2Research Center for Environmental Contaminants (RCEC), Abadan University of Medical Sciences, Abadan,
Iran.

Abstract
Background and Aims: Biohydrogen production from sewage sludge serves as a dual solution for

sustainable energy supply and effective waste management. This study aims to investigate the feasibility
of a combined Dark Fermentation (DF) and Microbial Electrolysis Cell (MEC) system to enhance
hydrogen yield while simultaneously improving the dewaterability of municipal sewage sludge.
Materials and Methods: Primary and waste activated sludge (WAS) samples were collected from units 1
to 4 of the South Tehran Wastewater Treatment Plant and underwent thermal pretreatment. The samples
waz then introduced into single-stage systems of Dark Fermentation (DF) and a combined Dark
Fermentation-Microbial Electrolysis Cell (DF-MEC). Biohydrogen yield and sludge dewaterability were
evaluated based on parameters including pH, Volatile Fatty Acids (VFASs), hydrogen production yield,
Specific Resistance to Filtration (SRF), Capillary Suction Time (CST), and the structural characteristics
of Extracellular Polymeric Substances (EPS). This research was conducted in full compliance with all
ethical principles and considerations throughout all stages.

Results: The integrated system significantly increased the biohydrogen yield at pH 6 compared to the
Dark Fermentation (DF) process. The hydrogen yields for primary sludge and waste activated sludge
(WAS) reached 38.13 and 19.66 mLH2/gVS, respectively. Furthermore, this system facilitated sludge
disintegration and the release of bound water, leading to a substantial enhancement in the dewaterability
of the effluent sludge.

Conclusion: The application of the integrated system combined with thermal pretreatment increases
biohydrogen production yield while improving the performance of the municipal sewage sludge
dewatering process, and can be proposed as an efficient solution for optimal sludge management and
clean energy supply.

Keywords: Sludge treatment; Dark fermentation; Microbial electrolysis cell; Biohydrogen production;
Dewaterability.
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