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Fig. 1 Effect of nZVI synergized SPC on sludge hydroly-
sis performance
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Fig. 2 Effect of nZVI synergized SPC on acidification performance of sludge anaerobic fermentation system
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Tab.1 Indicators of microflora diversity in different sludge

samples
Z4. Seq num ACE Chaol Coverage Simpson
FO 102399 2283 2 096.6 0.979 0.018
F1 90 190 2222 2059.5 0.980 0.019
F2 87979 1884 17229 0.983 0.023
F3 86 102 1 865 1707.9 0.984 0.024
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Fig. 6 Variations of the functional microbial diversity during the fermentation process

th Proteiniclasticum F Christensenellaceae R-7 =FJ¥ 5
15,430 15.21% F15.25% , B nZVI A R F Proteini-
clasticum F Christensenellaceae R-7 ) & £ .
norank_f _Bacteroidetes vadinHA17. Macellibacteroi-
des .norank_f _Rikenellaceae . Petrimonas T J& # J& T
WAFRT], 2 E K R AL A T , B nZ VIV FE 1 6
YaEREAK L norank f Bacteroidetes vadinHA17
A LU R AR AR TR (TN RRSEW T, R R S
3EA 7AW A SCRAs S F ™ FEF1 RGehiX
TR 3 13 i 9 (8.94% ) , F3 R G5 £ [ AR (6.18%)
5 o AT TG B EARRL(ET4(b) ), BRIk
B nZVI X norank f  Bacteroidetes vadinHAI7 1 &
A

Macellibacteroides F Petrimonas W J& J2& 7 I\ )
SCFAs 1 7= %83 Macellibacteroides 1 Petrimonas 1t
F1 RS8035 2.17% #13.53%, 7E F3 &
Girh i HAAR 000 1.58% 11 1.85%, U IFE nZ VI 4
FRBETS , R RGN B A AT, TR A A
BEH R J1AN I 1 1Y Macellibacteroides F Petrimo-
nas F-PERAK cnorank f Rikenellacea F- %538 3 520 7K
it T 4 3% P O T 59 W) 2 TR 2R 1) A A P EDY L2

norank_f _Rikenellacea % E AUk REHRLE i 1 AL PRI
NEE I R, I, norank f Rikenellacea 18 J&1E F1 &
Girp o ok, M 3.18%, F3 R 40 HUA Ik, 1 1.35%.
unclassified f Comamonadaceae 1 J& 5 % [ )i Fl Z b
T AL 0 K iR P A DA B B BRI BB AT O S A
TRV oA T 1 6 R i I8 R G 7K i
B 710, 0 I 0 T B nZ VTR e T e U R
X, F2 Z G unclassified f Comamonadaceae F-J¥ fi;
1, 4 6.39%; F1 RS8P i s 2 iR A1k, 09 1.93%. 15
B 5 &5 ) nZVI A B F unclassified f Comamonada-
ceae )& 4 o AT UL, nZVIPHR] SPCI5 IR IR AL I R St
Proteiniclasticum . Christensenellaceae R-7. Macellibac-
teroides . Petrimonas.norank_f _Rikenellacea fllunclas-
sified_fComamonadaceae IV & S P UEA 6] K& I R 48
SCFAs AR ZR .

K 6(c). (d) R T AN K BEREERG YR Z 4
PEROMAT 53 By W R 18 6 (d) b, EEE AR 0 Y
BorER 2N ARG IA YRR ARSI
BT RERIZ R G A A ECE 455K, nZVI
Prla] SPC REAS 2 & UL R A2 15 Y AR T R G b )
TP AR SRRE AT, TS R GE PR AR IRV RE



226 TRER2ESH AR

%57 %

3 & 1

1) nZVIH}H] SPC RS i # S& THRI A 15 e R A AL I
IKAFAERE , Z 15 SCOD We i nZ VIH JEE (3 i
Th  AH S 85 1 B0k B2 BE A nZ VIR B2 S T Je
218

2) nZVIP}[a] SPC RERBH& AR A 15 PR A R WY
FRIRAE J) , SCFAs 7 it [ % nZ VI B B8 I i 3 K, H.
nZVIREB AT IR B BER L, B e R R
i, F3 LRGP LRI Bl e T ik 61.49%.

3) nZVIHHE SPC A [ R Ge AL WIS P HA
225 R MR TS YR nZ VI O3S IS T i 5
s o ARG , 0 U B A A B AL Tt 2 RV
TG TEREE nZ VIS A HE TIE R ; BRIk B IR | RR L
WRIRIEFN T FRIAEEE EREE nZ VIR EE B34 MR .

4) nZVI P[] SPC i ¥ 22 58 & S K it 1 1] Fir-
micutes Bacteroidota .Proteobacteria 1 Chloroflexi /K fi#
FRALER ], [RIE & 4 KA 1 Proteiniclasticum . Chris-
tensenellaceae R-7. Petrimonas. Macellibacteroides 3]
RERAED , (RIEnZ VI P SPC K2 R4t SCFAsFLER.
SE K :

[1] Dai Xiaohu. Thoughts on the necessity and urgency of
sludge stabilization treatment in urban sewage treatment
plants[J].Water & Wastewater Engineering,2017,53(12):1—
5. [BEIGE ST AR TS K A B e ke Al A B )
AETIPER B[], 45K HEK,2017,53(12):1-5.]

[2] Liu Haoyu,Xu Ying,Li Lei,et al. A novel green composite
conductive material enhancing anaerobic digestion of
waste activated sludge via improving electron transfer and
metabolic activity[J].Water Research,2022,220:118687.

[3] Jiang Tan,Wang Bo,Li Xiaodi,et al. Effect of phosphomo-
lybdic acid pretreatment at different initial pH on acid pro-
duction from waste activated sludge in anaerobic fermen-
tation[J]. China Environmental Science,2023,43(4):1628—
1635. [VLIR, T #2500 55 ANTRIR) Ih pH(E B AR T
Tl 15 Y R AR I 7 R 14 52 I [0, o [ PR 8 22,2023,
43(4):1628-1635.]

[4] Zhang Qin,Cheng Xiaoshi, Wang Feng,et al. Unveiling the
behaviors and mechanisms of percarbonate on the sludge
anaerobic fermentation for volatile fatty acids production
[J].Science of the Total Environment,2022,838:156054.

[5] Wang Yufen, Sun Peizhe, Guo Haixiao, et al. Performance
and mechanism of sodium percarbonate (SPC) enhancing
short-chain fatty acids production from anaerobic waste
activated sludge fermentation[J].Journal of Environmental
Management,2022,313:115025.

[6] Li Yifu,Zhu Yeqing, Wang Dongbo,et al. Fe(II) catalyzing

sodium percarbonate facilitates the dewaterability of
waste activated sludge:Performance,mechanism,and impli-
cation[J].Water Research,2020,174:115626.

[7] Pimentel J A I,Dong Chengdi,Garcia-Segura S,et al.Degra-
dation of tetracycline antibiotics by Fe*-catalyzed percar-
bonate oxidation[J]. Science of the Total Environment,
2021,781:146411.

[8] Ma Luming,Zhang Weixian. Enhanced biological treatment of
industrial wastewater with bimetallic zero-valent iron[J].Envi-
ronmental Science & Technology,2008,42(15):5384-5389.

[9] Luo Jingyang,Feng Leiyu, Chen Yinguang,et al. Stimulat-
ing short-chain fatty acids production from waste acti-
vated sludge by nano zero-valent iron[J].Journal of Bio-
technology,2014,187:98-105.

[10] Gilcreas F W.Standard methods for the examination of wa-
ter and waste water[J]. American Journal of Public Health
and the Nation’s Health,1966,56(3):387-388.

[11] Yuan Hongying, Chen Yinguang,Zhang Huaxing,et al.Im-
proved bioproduction of short-chain fatty acids(SCFAs)
from excess sludge under alkaline conditions[J]. Environ-
mental Science & Technology,2006,40(6):2025-2029.

[12] Goel R,Mino T, Satoh H,et al. Enzyme activities under an-
aerobic and aerobic conditions in activated sludge sequenc-
ing batch reactor[J].Water Research,1998,32(7):2081-2088.

[13] Dewil R, Appels L,Baeyens J,et al. Peroxidation enhances
the biogas production in the anaerobic digestion of biosol-
ids[J].Journal of Hazardous Materials,2007,146(3):577-581.

[14] Wu Chen,Jin Lingyun,Zhang Panyue,et al.Effects of potas-
sium ferrate oxidation on sludge disintegration, dewater-
ability and anaerobic biodegradation[J]. International Bio-
deterioration & Biodegradation,2015,102:137-142.

[15] Liu Changgeng,Chen Dandan,Chen Xiao’e,et al. Applica-
tion of zero-valent iron/sulfite system for aerobically di-
gested sludge conditioning[J]. Chemical Engineering Jour-
nal,2021,420:127650.

[16] Wu Yanxin,Liu Xuran, Wang Dongbo,et al.Iron electrodes
activating persulfate enhances acetic acid production from
waste activated sludge[J]. Chemical Engineering Journal,
2020,390:124580.

[17] Li Xiaoqin, Brown D G, Zhang Weixian. Stabilization of
biosolids with nanoscale zero-valent iron(nZVI)[J]. Jour-
nal of Nanoparticle Research,2007,9(2):233-243.

[18] Wen Qinxue, Liu Baozhen, Chen Zhiqiang. Simultaneous re-
covery of vivianite and produce short-chain fatty acids from
waste activated sludge using potassium ferrate as pre-oxidation
treatment[J].Environmental Research,2022,208:112661.

[19] Mostafa A,Tolba A,Gar Alalm M,et al. Application of mag-

netic multi-wall carbon nanotube composite into fermenta-



554

BFESF, G AWORTM PO BRI R SR AR A TS DR R R REDF ST 227

tive treatment process of ultrasonicated waste activated
sludge[J].Bioresource Technology,2020,306:123186.

[20] Van Kloeke F,Geesey G G.Localization and identification
of populations of phosphatase-active bacterial cells associ-
ated with activated sludge flocs[J]. Microbial Ecology,
1999,38(3):201-214.

[21] Sheng Xianxian,Xu Zhigiang,Liu Yulong,et al.Fluoranthene
removal in aqueous phase by Fe( ') activated sodium per-
carbonate: Mechanisms and degradation pathways[J]. Re-
search on Chemical Intermediates,2022,48(4):1645—1663.

[22] Sekmen A H, Turkan I, Tanyolac Z O,et al. Different anti-
oxidant defense responses to salt stress during germina-
tion and vegetative stages of endemic halophyte Gyp-
sophila oblanceolata Bark[J]. Environmental and Experi-
mental Botany,2012,77:63-76.

[23] Barra P J,Inostroza N G, Acuiia J J, et al. Formulation of
bacterial consortia from avocado(Persea americana Mill.)
and their effect on growth, biomass and superoxide dis-
mutase activity of wheat seedlings under salt stress[J]. Ap-
plied Soil Ecology,2016,102:80-91.

[24] Gonzalez—Gil L,Carballa M,Lema J M.Cometabolic enzy-
matic transformation of organic micropollutants under
methanogenic conditions[J]. Environmental Science & Tech-
nology,2017,51(5):2963-2971.

[25] Zhong Yijie,He Junguo,Zhang Pengfei, et al. Effects of dif-
ferent particle size of zero-valent iron (ZVI) during anaero-
bic digestion: Performance and mechanism from genetic
level[J].Chemical Engineering Journal,2022,435:134977.

[26] Chu Zhaorui, Wang Ke,Li Xiangkun,et al. Microbial char-
acterization of aggregates within a one-stage nitritation—
anammox system using high-throughput amplicon sequenc-
ing[J].Chemical Engineering Journal,2015,262:41-48.

[27] Alalawy A I,Guo Zhaodi, Almutairi F M, et al. Explication
of structural variations in the bacterial and archaeal com-
munity of anaerobic digestion sludges: An insight through
metagenomics[J]. Journal of Environmental Chemical En-
gineering,2021,9(5):105910.

[28] Xie Zhenfang, Wang Zhiwei, Wang Qiaoying,et al. An anaero-

bic dynamic membrane bioreactor(AnDMBR) for landfill
leachate treatment: Performance and microbial community
identification[J].Bioresource Technology,2014,161:29-39.

[29] Xiao Leilei,Liu Fanghua, Lichtfouse E,et al. Methane pro-
duction by acetate dismutation stimulated by Shewanella
oneidensis and carbon materials: An alternative to classi-
cal CO, reduction[J]. Chemical Engineering Journal, 2020,
389:124469.

[30] Zhang Kegui,Song Lei,Dong Xiuzhu.Proteiniclasticum rumi-
nis gen.nov.,sp.nov.,a strictly anaerobic proteolytic bacterium
isolated from yak rumen[J]. International Journal of System-
atic and Evolutionary Microbiology,2010,60(9):2221-2225.

[31] Namirimu T,Yang J A,Yang S H,et al. Proteiniclasticum aes-
tuarii sp.nov.,isolated from tidal flat sediment,and emended
descriptions of the genus Proteiniclasticum and Proteinicla-
sticum ruminis[J]. International Journal of Systematic and
Evolutionary Microbiology,2022,72(4): 35394905.

[32] Tan R,Miyanaga K, Toyama K,et al. Changes in composi-
tion and microbial communities in excess sludge after
heat-alkaline treatment and acclimation[J]. Biochemical
Engineering Journal,2010,52(2/3):151-159.

[33] Tang Congcong, Yao Xingye, Jin Hongyu, et al. Stepwise
freezing-thawing treatment promotes short-chain fatty ac-
ids production from waste activated sludge[J]. Science of
the Total Environment,2022,818:151694.

[34] Wu Qiong, Wang Sizhen, Zhang Shi, et al. Analysis of ru-
men microbial diversity and functional prediction of Chi-
nese Simmental cattle based on 16S rRNA high-throughput
sequencing technology[J].China Animal Husbandry & Vet-
erinary Medicine,2019,46(5):1370-1378. [ 53, T2, 7K
MR LT 16S rRNA il SBR[ 9G 11 8%
IR R Y AR T RE T A A 5] v B
H,2019,46(5):1370-1378.]

[35] Li Tingting, Liu Cheng,Lu Jie,et al. Determination of how
tetracycline influences nitrogen removal performance,
community structure,and functional genes of biofilm sys-
tems[J].Journal of the Taiwan Institute of Chemical Engi-
neers,2020,106:99-109.

Study of Enhancing Sludge Anaerobic Fermentation Performance by Nano Zero-valent Iron Synergized

with Sodium Percarbonate
JIN Baodan' , JIA Yushengl, DENG Weilingl, GUJiayu1 , WANG Jiachengl, LIU Ye' , WANG Baoguiz, JI Jiantao®

(1.School of Materials and Chemical Engineering, Zhengzhou University of Light Industry, Zhengzhou 450001, China;

2.Zhongyuan Environmental Protection Co., Ltd., Zhengzhou 450001, China;

3.College of Ecology and Environment, Zhengzhou University, Zhengzhou 450001, China)

Abstract:

Objective Waste-activated sludge (WAS) is a by-product of wastewater treatment plants (WWPTs), which seriously affects the operation of WW-

PTs and environmental safety. WAS is rich in protein, polysaccharides, and other macromolecular organic matter, but it also contains a significant
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amount of heavy metals and viruses. If not effectively treated, it causes severe secondary pollution in the environment and results in the waste of
resources. The reduction, stabilization, harmlessness, and recycling of residual sludge represent the most critical challenges in sludge manage-
ment. Anaerobic fermentation of sludge is the most common technology for treating and disposing of WAS, achieving the goals of sludge reduc-
tion and recycling. This study investigates the feasibility of nano zero-valent iron (nZVI) synergized with sodium percarbonate (SPC) to enhance
the anaerobic fermentation performance of sludge using WAS from a municipal WWTP, and it also reveals the underlying fermentation mecha-
nism. In addition, the optimal fermentation condition is identified.

Methods The Fe*" and Fe’* derived from the hydrolysis of nZVI cooperated with the H,O, produced by SPC to establish Fenton or Fenton-like
systems. In addition, Fe*" was reduced to Fe*" by nZVI, establishing a cyclic reaction system that extended its action time within the fermentation
system, enhancing the fermentation performance. In addition, Fe*" and Fe*" acted as catalysts to raise the decomposition of H,O,, resulting in the
generation of many hydroxyl radicals (HO', which oxidized and degraded organic matter and increased the sludge fermentation performance. In
addition, Fe*' reacted with PO} P to produce Fe,(PO,),*8H,0 precipitation, recovered PO} P from the fermentation system, and evaluated the
phosphorus removal performance of the SPC-enhanced nZVI fermentation system. Therefore, the fermentation mechanism was studied through
batch experiments. A 2.5 L plexiglass reactor was used, and a magnetic stirrer was employed to maintain uniform stirring speed. The reaction tem-
perature was room temperature (20~25 °C), and the pH was not adjusted. A volume of 2.0 L of concentrated sludge was added to the FO~F3 reac-
tors. The optimal dosage of SPC was determined to be 0.2 g SPC/g SS. Thus, the dosage of additives was set as follows: F0O (0.2 g SPC/g SS), F1
(0.2 g SPC/g SS + 10 mg nZVI/g SS), F2 (0.2 g SPC/g SS + 20 mg nZVI/g SS), and F3 (0.2 g SPC/g SS + 30 mg nZVI1/g SS). In order to explore
the influence of nZVI and SPC on the hydrolysis and acidification processes of the entire anaerobic fermentation system, the experiment involved
a one-time addition of nZVI and SPC to the fermentation system without subsequent supplementation.

Results and Discussions The results showed that nZVI synergized with SPC has a significant effect on the hydrolytic acidification performance
of the WAS anaerobic fermentation system. The protein concentration first increased and then decreased with nZVI addition, while polysaccha-
rides increased with nZVI addition. The maximum concentrations reached 314.43 mg CODY/L for protein and 140.14 mg COD/L for polysaccha-
rides, respectively. This demonstrated that the Fenton system or Fenton-like system can facilitate the degradation of macromolecular organic mat-
ter. The short-chain fatty acids (SCFAs) concentrations first increased and then decreased with nZVI, with the maximum SCFAs observed in the
F3 fermentation system at 1214.24 mg COD/L. The percentage of acetic acid content in the F3 fermentation system was also the highest, at
61.49%. These findings indicated that nZVI combined with SPC enhances the acidification performance of the fermentation system. Compared to
the other three fermentation systems, the hydrolysis products of nZVI, Fecan react with PO3—P to form ferrous phosphate Fe,(PO,), precipitate,
resulting in a marked decrease in PO} —P concentration. The lower PO3 —P concentration also indicated an improvement in the fermentation con-
ditions. nZVTI has a remarkable influence on biological enzymes in the synergized fermentation system, where the protease activity first increased
and then declined, with the highest protease activity found in the F1 fermentation system (0.2 g SPC/g SS + 10 mg nZVI/g SS). However, the ac-
tivities of a-glucosidase, acetic acid kinase, butyric acid kinase, dehydrogenase, and superoxide dismutase increased with nZVI addition. In con-
trast, the activities of ALP and ACP decreased with the increase in nZVI concentration. This indicated that nZVI combined with SPC enhances the
oxidation performance of the fermentation system, and the higher oxidation level reduces enzyme activity. At the same time, the nZVI synergized
SPC sludge fermentation system raises the enrichment of microbial functions, including Firmicutes, Bacteroidota, Proteobacteria, Actinobacteri-
ota, Chloroflexi, and other bacteria such as Proteiniclasticum, Christensenellaceae_R-7, Petrimonas, and Macellibacteroides, which ensure effec-
tive hydrolysis and acidification performance and efficiently achieve SCFAs accumulation.

Conclusions The results showed that the cooperation of nZVI with SPC significantly improved the anaerobic fermentation performance of WAS.
This collaboration effectively accelerated the degradation of macromolecular organic matter in the fermentation system, providing a readily avail-
able substrate to produce SCFAs, particularly acetic acid. In addition, nZVI, in conjunction with SPC, contributed to the removal of phosphorus
from the fermentation system, facilitating the recovery of phosphorus as a ferrous phosphate precipitate. The enrichment of functional bacteria fur-
ther ensured the efficient hydrolysis and acidification performance of the nZVI-SPC collaborative sludge fermentation system. The F3 fermenta-
tion system, with 0.2 g SPC/g SS + 30 mg nZVI/g SS, represented the optimal fermentation condition. This finding provides a new perspective
and theoretical foundation for expanding sludge treatment and disposal methods.

Key words: waste activated sludge; anaerobic fermentation; nano zero-valent iron (nZVI); sodium percarbonate (SPC); biological enzymes; func-
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