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ABSTRACT: The anaerobic digestion of phenol wastewater presents significant challenges due to phenol's inhibitory effects on anaerobic
microorganisms, limiting the stability and efficiency of the anaerobic digestion process. Magnetite powder has been identified as a potential
enhancer for anaerobic digestion, particularly for recalcitrant organic pollutants, but the optimal dosage for improving anaerobic digestion
of phenol wastewater have seldom reported. Thus, in this study, the effects of magnetite powder dosage on the anaerobic digestion of phenol
wastewater were investigated using anaerobic batch tests, with a focus on its effects on methane production. The results showed that methane
production rates increased by 33.8% to 40.7% with magnetite powder concentrations of 5 to 20 mM, while higher concentrations (50 to 200
mM) led to significant inhibition. The lag time for methane production increased with higher doses of magnetite powder. Methane yield showed
a non-inhibitory effect at 5 mM, a minimal inhibitory effect (~10%) at 10 to 20 mM, but severe inhibition (40.9 to 91.6%) was observed at
concentrations above 30 mM. These findings suggest that to achieve efficient high-rate anaerobic digestion of phenol wastewater, the magnetite
powder dosage should be optimized within the range of 5 to 20 mM.
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Hz2 Aok, A 3heh, A 7kA3t 34 5 ohdet A
A FA A P == B LEEE F sholH, ul=
3 Hoa, AR T AA ZaelA AEIA fsigt
542 4o 5 e I EEE AR E I EH 9]
o ZAA e W7 A A 29 A2|7F aHck(Kulkarni
and Kaware, 2013; Mohd, 2022). H& H$9] 2oz
= &, 2, 43 51 22 294, 35H 34
I 371/ Aol 7|9et BETHY FAgo] AEEL e
H, o]Hg HES AAY FE e gEE A4

£ & Y AFARol ol A& 7HeEt His Hla A
g5 AT dict 71e9 /i) Fa/do] FHiE Utk
(Villegas et al., 2016). 7|4 A3M= SV QEEAS
A7) =S ol8ste] Eafista oy ¥ ez &8 7}
St Hlo| @7IAE A 4= e AETH HeA | V)
2 HBady W AU AA AEE A Y Ve F
U= ZFgrar QItk(Lee ef al., 2018). =U|9] F$- 1is
T {7174 A viol @7kA3%} 517 fl8f 20219 7]
Z 110749] AHtE @7 a3A-do] &9 Fo=2, At
3,7005F Nm®9] vlo] @ 7}A S PArstar It Ministry of
Environment, 2022). T3k, 2022 ofl+= Hjo]@7}A AL
252 Bashs 4 wjolestan o] AFEe] 4714
H L o] Ae|eks vio| ertAstE Aeksh= B A
o] FREI glom, ngg {714 H4 2 HZ Y &
718 235 F3t Ho] @7bA ABARF S At ek
A= Z7Hek ek

#7140 23k i dlsel Ao AR A A4 7t
et ko2 nefslo] thekt A7Eo| Eo] e
(Healy Jr and Young, 1978; Satsangee and Ghosh, 1990),
HE Hee B2 FEoAE @714 vE] disl #s)
J¥K Half-maximal inhibitory concentration, IC50): 0.47~
1.40 g/L)y& 548 5= 9lof Hl gl A& gt & &
718 a3t 3749 A8l ofzgo] EAFTHOlguin-Lora
et al., 2003; Poirier et al., 2016). AFA] 7}£= A AEHE
2 A7 a3tz £ Al @714 Mt w1t
O] ARG wiZfA = ZHE5t] 7|E9] iRl B
ZEAN} e AR S WA ok a&FQ0 AR}
ALdSE a8 w4 753 Z = JtK(Cruz
Viggi et al., 2014). =3t stz 0 2 H7|A 4315 5t
37t o F713RHE(, Z24) g 59 F
T AN 7125 T 243k SR RH AR (Direct
interspecies electron transfer, DIET)WH-3-2 E3f € <H35}H4]
Aol AAEI] £oh7 SolaA 18 B4 2300
#go) 715 4 I Ae JojHc). Eat 444 7}

- 281 Thien Truc Thanh Ngo - 01E &

= Al Fe(l)3H ¥h8-& SXAA wlE 22 &3
7h o8& WS gl 9 {714 SRES TR

S} AShAI 4= qlom, o] Bl A AAE Hy, obiE
A9 AR s Al oj8) 142 288 4 o] A
A W4 2} B AR 4 e Aol Ytk
(Xu et al., 2019). B} ohf2}, A 7H2E 28 Qs

A7) 23 FANA A FEE KRS A7
Arrgol 7Fsdt Ao 2 Ao BarEa IekKim et al.,
2022). olefst RO AAY 712 B dEANY §
7144 2RHEe] @714 23k ALA=, A f714kel
249 BOYT B4 AL 9 BEAZ B8H 5 9
= Aol thefst R ES Bl BaE QIth(Back et
al., 2017; Kim, J. et al., 2022; Kim, M. et al., 2024a). 5}
ST ERE S P RREEPEES EREE:
£, AEA 7FRo 4bs) 2 BES 5 AE E olkew
Qg eI ot the 974 21719 4BA Fee)
A MZ Al | 5ol A= @714 23 3= A
& 4= 1th(Yang et al., 2013; Suanon ef al., 2016). T}t
A HE gl @714 2345 JNAA717] SR AR &}
B4 712 el et B7bh asht Bl AT A
FH e WaET Yok ojo] & AFAE Tk 4
4 745 S207H0 ~ 200 mM)o] wHE iz} @714 A3
of thet Y APA = I8 H7E L3 HRES T
s B7bekeict.

2. 88 M=
2.

#o
Ho OF
O

AlSH A'lﬁl al

U 2H X2

=0 =2 —

1.

£ Aol A Wi w4 He) Sl8A] @714 40t A1
< B8 wi=o) @714 sl ek A R S0
~ 200 mM)e] THE A B Ad) JRe APHoR B
Aot AAH 71 59 HA 2AS 2AskRA Stk
slEa) W74 A0 AR 9% HEY W BAHHSE
&7} o] Zu|sIgT. BEY £H1E 919 WA ssA o
B2 T4 A U ADIES A S A
3l Aelae) sipae A g sk Afm @7)4 43}
20| Asjole A F, 28tohe] HE §715L AA)
7] $la) 37C 9] AFFulo|E S Tgstel W74 AN
oF 4B 7} OB OB, 2E 7180 15T AR &
slolg 2 Alge] dEdoR Festeich £ Y 7)1
2E g U5 7)42 & s S92 ¢ Chemical
oxygen demand (COD)meno/L)E E-80] 2H5}e] #2:5}
of BE3kATHung er al., 2022). EUL} o= FATS
9] pH+= 3N HCl T+ 3N NaOHE Ad7}sle] pH 7.52 %

agict.
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Table 1. Experimental design for anaerobic batch tests treating phenolic wastewater with varying magnetite dosage.

Name

Magnetite
(mM)

Phenolic wastewater without magnetite particles (P0)
Phenolic wastewater with 5 mM magnetite particles (P5)
Phenolic wastewater with 10 mM magnetite particles (P10)
Phenolic wastewater with 15 mM magnetite particles (P15)
Phenolic wastewater with 20 mM magnetite particles (P20)
Phenolic wastewater with 30 mM magnetite particles (P30)
Phenolic wastewater with 50 mM magnetite particles (P50)

Phenolic wastewater with 100 mM magnetite particles (P100)
Phenolic wastewater with 200 mM magnetite particles (P200)

0
5
10
15
20
30
50
100
200

3|84 Fr)4g A%t AL F 107F2] 27 0A 20719
250 mL9] ¥1-3-71(200 mL §-&A)|&)S &8st =345}
owl, 7H 27 ouho R Sajelgict. & Aol A3
A} 7F= 50 ~ 100 nm @] YRA71E 7H2] -8 AlE(Sigma
Aldrich 637106)& AMEstE o, AHEA 718 B9 5
= @7 23 ¥ VA 2002 YRR HuED
AE 20 mM E3H5He] & 97F#] 274910, 5, 10, 15, 20,
30, 50, 100, 200 mM.O.2 M50} A& 255} ATH Yang
etal.,2015) (& 1). 1 9 712 A5 7 &= 771&
o] vlo] @7k PAteEe HAST7] flsl 78S Al @l st
YT Bt 202 E JRA] @7 A3t RS 5
Y13t 7 vhg7] o= 2E fr1E0] AAE HEY, 9
= 3 Ha 4 FRTE FYst &4 F71d a3 A
Fof| A Yutkd o & FRRE| Substrate/Inoculum H](S/I H])
21 0.5 g0} 7] 98 2|F LAY FF-aLP =(Volatile
suspended solids, VSS) E==2 g VSS/L, 71221 g CODprenol/L
ol AR RAFFATHNeves et al., 2004). =, 714
29 9 284 Felo] ghaE wHeTlE ARubet U
Ol A olgete] WEE T F N:CO, = 82 448 A}
&5t 27 3718 AASH @714 2Aes 2T F

37C 2] QlFHlolE oA HjoF A SB5tgict.

2.2. SCIBfEHX 24 Hi

7 §kg719) 7k MRS 10 mL 78] AV E &
sto] M 42 sh3icth vl 27129 CHy ® CO9 &
ZF2Thermal conductivity detectorE #2F3t Gas chroma-
tography(Agilent, USA)E o]83s}o] BA5 9t 28297
& E{(Total suspended solids, TSS), VSS @ pH+= Standard
Methods 2 22510] BAIBIITH APHA-AWWA-WEE, 2005).
COD¥ B33 7| (Shimadzu, Japan)2} HS-COD-MR 7]
E(Humas, Korea)& AME-sto] E4314 Tt 384 E714
23} Bkgo] 1t Hhg7]o) 4 Y A =S ZHF et d4 22

(12,000 RPM, 3 min)E St % 0.45 um <3} BE(Hyundai
micro, Korea) & AME-8to] 54 g E0| AAH ANEE
gHslF o, g A|RE JAISE Flame ionization de-
tectorE AF2Fst Gas chromatography (Agilent, USA)E ¢]
So10] 245 sl 9 LA $714000 e B S 5

A

23. 2423

H-3719) Alzte] W 2 wgt AgAkekol gtk HlolE
£ Sigma plot version 12(systat Software Inc., USA)E &
£5}5] Modified Gompertz model (eq. 1)} tjgt 3]HE
28 E3) H|eb R AFE = (Specific methane production rate
(SMPR), mL CH4/g VSS/d)2} Wer B4 2| AAIZHN, d)y&
27ehch

MPRX e

P

Mcm(t)z Py X exp [— exp
cn,

X (A—t)-%—l”

Mena(t): 25 ok A4k (mL CH4/g COD)

Pcus: W8 & (mL CH4/g COD)

t: 3|82 F714d 23 932 A1t A7H(d)

A: weRAEAd A AT (d)

MPR: Hgt AR = (mL CHy/g COD/d)

SMPR: HEH AR T (mL CHy/g VSS/d)Z MPRO]| 27|
AEY LY ERFIFE 55(g VSS/L)E Wro] AR

3.2l &

3.1. HEHSMEE

2 AT AL A 7HRE R0 ~ 200 mM)o] utE
S| @714 2] et JIFL AR B71Y 23514
BE Fof SIEAASE, WA (AN L e 2
YA BRICHIE 1), A Ee] A9, gz
291 A 1)) 2P0 27)IA L 4.65 + 0.02 mL
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CHy/g VSS/d2 el on ol= thx A<l §714 HAY
9l 3K&#X|(14 mL CHy/g VSS/d)(Tang et al., 2022)}
SAE2H]7)(9 ~ 72 mL CHy/g VSS/d)(Elbeshbishy ef al.,
2012)9] 6 ~ 52% 02 =7 Z 02 SRIE o, 7= b
9] & J714 aloll= o] EAT = IS AL
2 g7hEt

5~20 mM&] RHE 4 7127} A7}1E Ps, P10, P15, P20
ZZANNE 2T tju] HeAISET} 33.8 ~ 40.7% 7}
F =2 AR BSEHUHIE 22). 2 7S £ S
AEFH ¢ B @714 43t Aol 15 mMe] Z}
A 71 BY Al 1Ryt oiv] #eAAE =7 36%

400

- 281 - Thien Truc Thanh Ngo - 01=&

7VeF Z7betgths Bt 9o (Kim et al., 2024b), Tt
£ ¥ F714 23 dFlA= 20 mM O A A TR T
3 Al iR diy] wRABARE =T} 31.6% 71 S8
o= B3t JitkJung et al., 2022). B Ait= 7]|&9]
EAE0A Bud AXY A 59 AN 71EE
7174 &3tz BUT Aol HEm §714 Adto= Hg
A&z Fougt =29 Ad e 4E = U
I3t Adto|n], TS5 ~ 10 mM o] W2 2P A EQlek
o= g =29 A At DA 7HehE A=) gl
g Aol &J2j7} Qi 20 mM B} =& AHE A 71E BY
F 2= A FaFol AU, L3518 Al F3F

CH, production (mL CH,/g COD)

70

Time (d)

Fig. 1. Cumulative methane production in anaerobic batch tests treating phenolic wastewater with varying magnetite dosage.
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Fig. 2. (a) Specific methane production rate SMPR, (b) lag time in anaerobic batch tests treating phenolic wastewater with varying

magnetite dosages.
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o] T=EQHIY 2a). P30 ZAN A= 4.83 £ 0.16 mL
CHy/g VSS/d&2 273} FARRE =59 HegiET=71
T=E|glom, PSO ZA0AE= 3.63 + 1.29 mL CHy/g VSS/d
2 2 tiH] 21.9% B2 HeAEG =7 S E G o,
E3] P200 2ANAE wEAA AT 1.38 + 0.15 mL
CHy/g VSS/d& thZ tjH] 70.3% W 532 T=EQ)
o} o]z =R A A 71 FU(50 mM oh2 23]
A4 7V 871 HmY 8714 43 3ol -3 A3
S U A HPAE =S A 5= a2 Qu|gich

3.2. Mt X[

wE A A AAIZES) A, HE2E(PO 2)NA TS
2 A 6.6do] ASHI oW, AP THE FTol
S7FEE A QAT =3 S716ko] di 2t M) 1.2~ 6.7
v 74 S71%E Ae FASHHTHLE 2b). SPA wjeqt
S=7h iAdE Aoz BelE A4 7hE B 246 ~
20 mM)ol A= 2| FAIZEO] 1.2 ~ 178} S71_E A= &
A=eH, o]z AHY 7HEE o83ty Heel @74
&3} ko]l 7|o3hs 8 vjdE wxle] A% | &4t
Hed &8 71zl 28] qelr 7E £3 BF
I} F-3ech(Jung et al., 2022). 2P A 7HE7F A4 A
Al A= Al G B D 324 3ol
A& IS B3l = TR0l g 2o &8
2ol wh} ti =2t AR SEOR A AT 2017
U Ee aHG ¢ g5EE o] HiEA ltk(Jung ef

400

712 S0 T H4-0l #7148 Astol DIXls ®at Tt

429

al., 2022; Kim et al., 2024a). WebA H& 4 A8 9%
A @714 Aok 3ol AT A 7HRS ~ 20 mM)
2 RS A9l AAY 1] 253 A4S 2
2 B AT Startup 7170 =2 o) Tk F7
T 5= Lok A4 B Pl P olFel B
Hellde ARH RS AP FA 2GS ~ 20 mM)
oML Heh QA @714 Lote ME 1g EAGNA
o @714 28290l 75 A0 7]fEek P100 24
ot o] 6.76 71 M| AIKk] TS o] gt
AAH 712 B A RS 2] 3 7Rk | 2 A
o B WA 22 SIsterh Y 2b).

33. Het =&

We -80] A9, thael AHA vE 2AP0 X
Ao A= 366.6 = 6.39 mL CHy/g CODS] W&t ~80]
ZERom, ok o &= 2719 o2 g Akto)
92.1%¢°] SFTTHLH 3a). ol= H= F714 23} vk
9] ¢ AA 7144 715 thF=(92.1%) 71l vt
olerkaz Mg Fsstu, 1 9] Aol LR vlo] e
HAR S ofujsis AT, B4 L5 ukg A 2
HHA 0 g2 n| & 80] 5 ~ 10%0]] Bttt 7]E9] o]
2o E3lsltHGavala ef al., 2003). A& A 7}271 5 mM
FAE 245 21)9 A9tz ] 23 f Y
G Ayat 2220) e} 228(362.1 + 9.34 mL CHy/g COD)©]
HSEUHTE 3a). o= ZZ oMNEAF A7 &3t o

366.6 3621

350 4 326.3 328.6

300

250 A

200 o

150 A

CH, yield (mL CH,/g COD)

PO P5 P10 P15
100

(a)
262.6
]

Zlf]

191.3
i

3

o

7

P20 P30 P50 P100 P200

90 | WCH4 % CO2

80 A

CH,4 and CO, content (%)

PO P5 P10 P15

(b2

L

g
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Fig. 3. (a) CH, yield, (b) gas composition in anaerobic batch tests treating phenolic wastewater with varying magnetite dosages.
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TolA 1.5 mM&| A 7125 BJsES o Hig &
o= FYulgt A = A FaFo] BSEA| ASIARE,
SRR S0% 7} Ak ATk} SAre A%
0 2 FO|E| Tt Wu et al., 2024). ¥Hd, TR T} =8 k9]
A4 787} BT Aol A8 7o) Eegol
Z71stel wet vet a2 F243] Aaste Aol TS
3ok AHEA 7HE BTl 10 ~ 20 mMl 2Z(P10,
P15, P20 7))o= 8.2 ~ 11.7% 7FF F& vg &
(326.3 ~ 336.6 mL CHy/g COD)o] T=E|QIch 1 3a).
E 30 mMe] A 71 e 2ARP30 ZA)NHE
28.4% Ve $83} Int} o £ BUF 2AHE 1)
HE0] B st Aol EjIE o] P50 2o A=
40.9%, P100 AN X += 47.8%, P200 ZZA A= 91.6%
22 g ao] ISHIUH oY HFE o AFollA
432 MM APEA 742 =9 4], 21.6 mM £ 27 of
H] Hgk =80] 29.6% FAE Utk Aot ko] 4
stol, & FFe) A8 717} vje 8ol A
2 v)E = 9128 oJu|gttH(Suanon et al., 2016). 7|£ &
Hel MR, UegiaEs|e] A ARE R 4
Fobg shajsiA TR Pl 1A U ol eSS
wWafste] nAES] RS AAISt AsiE AT = 3
= ZAo7 BEN i Auffan ef al., 2008). ©etA] o]
o3 Ao e A e 7129 Aol Yt A
M9l s goN o|AE MR Aow 24T 4
At
A 742 Eelgo] 2 s vo] @ 7kASle| b]
A= Al Y= AR Y8l 7 24 A 27004
g vpol 2 7hse) djekat olAlsheks Bk 451
272 uE B7HE SAsAch Y 3b). 22 A
B4 0] 2P0 27 ABH 7% 5 mM FY 2
APS5 ZA)NAE 64.1 ~ 64.6%2] WEFT} 35.4 ~ 35.9%
9] ol4tsletaE EFFE FARRE 9] Hio] 27t 240]
#EE ek P10, P15, P20 2= ti2 dfv] Hgk
FHFo] 1.0 ~ 2.2% W BEE|Qlom, P30, P50, P100 2
Aol A= iRt v Hgk FEFo] 14.5 ~ 21.1% W2 43.0
- 49.5%2 BETGOm, o ASfERE TS olst vl
&t Z71stlth P200 2= Hlo]| @7kA9] 11.0%
g vjete s pEE o, olisies THE 89.0%2
BEEUT. AR Ae WS e w2
2 ARl F2 F71A A3 2A(PH 7 ~ 7.5, 37C)el A
£ g% olest 54 9T RN A
717 &8 71ssE AeR2 BuET Qei(Baek et al.,
2019). stA9 Alo] A2 E= Ule R 279 AHE A 7L
F9| A9 83 Hol(Fe')o] BeEa 23E o] 9A
o - 22 QlRfe] A F1R UA 717k gl

- 281 Thien Truc Thanh Ngo - 01E &

w2} Az} 27 thHskE o] Ao o3lEar Hol
(Fe™hoz o 44 £31€ 4= 9lthMascolo ef al., 2013).
Ho|&(Fe™)2 ARt & wh-goj|A webgAuks-o] 37
919 vkl AESHY HeHvhe-S B8l 2T AR &+
BAZ 2T 5= Qlo], HFTHOE vt =85 AN
4 Qloh waEkA A 7L BT $71E £F, Fe''
o] 29] ggo] STt 4= gleow, B4 T ol A
A 7hE B9l 2AME Fe'' o] 2.9] gHafo] Hgt 1289
[ TR A FEFE VA 5 UM Ao w Fr}
Hth(Zhao et al., 2018). SIA|TF AA A 7125 EQ5}o]
A4 R4 T Be A54] FAANA B 98 E
7143 233 A Abe] -, AHEA 71E B
E W&t &9 FYnet Asf FF BSER| Y8kt Jung
et al., 2022; Kim, J. et al., 2023; Kim, M. et al., 2024a).
webA], Agt 278/ 9 AN 71R= 7|7 Aol§ 7t
FotH, A&4] 349 B dH oAM= A FaFol ARt
o2, A&AR1 7R BE vERd = 9l A 0= 7|dEH,
H #H4 A 54 F714d 23 3800 digk 38 7Hs
AE T3 A543 AYS S8 AFol 2o Aot
E3F A A 7HE BY 20 W2 714 43 34 A
A= FFE F714 43} vk FAI vjdE T4
aAsl7] e ndE 23 £40] 283 Aotk

»
!

2

Ao LA FHRe] Belere] nE v w4
714 28k BAe] WA Gar WS B
Aeledt. AEH 7FRE 5 ~ 20 mM T SQIg
oz A AESL 33.8 ~ 40.7% 7 A E 2
FOLH 50 mM ol T Aol A3 7
b} Afe) ek W o BEH 9T WA X
ARFE AEA 7 S9)ake] $7HI4E dof Al Al
SholEigleh. vE -2 XA 71 £lao] S mM
= folulsk Aajoare] S1w) skom, 10 ~ 20
mMel A 10% thele] AajeaFel, 2 Mek & 30 mM
SISl AE 40.9 ~ 91.6% 71Fe] Aajdaro] SrelElgich
wheb sl w4e] W71 Ak wheo] folnls AH
72 DA AL B R £S5~ 20 mM
Mol 245He o] Wad o= sk £
A7 Ak AFA 15E BT s e A 18 B
714 48t 3R ATt 89 HAsle] 87 V1% A2
2 28 7Hs Rtk

m, M

Lo

X

of

o,

[0 ox
o

o

1o
=

ol
-

ol

1o

e Ko P

£

A =

£ g7 5 dAAU RS AU
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©2 AP UFYTHYL-WE-21-002). T3l o] =52 2023
HE (o] Aoz Sta7Ate] G-UZ(LAMP)
AH 2] 9& who SefE Ay tHNo. RS-2023-00301
702). T3}, £ AT 20249 % AT LA EEAIR)
O AL Fh= AP 2| g wrop Y ALYY
tHNo. RS-2024-00358944).
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