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Abstract As phosphorus (P) resources become increasingly depleted, biochar is attracting
attention as means to recycle P resources. Biochar is a carbonized organic material at high tem-
peratures under limited oxygen environment and can be used as P fertilizer by using P-rich bio-
logical waste as a raw material leading to effective waste management. However, the challenge
has been that P in biochar is in forms that are difficult for plants to utilize. In this study, biochars
were made from different raw materials such as chicken manure (CM) and sewage sludge (SS),
and calcium carbonate (CaCO;: Ca) and potassium acetate (CH;COOK: K) were added in an
attempt to change the forms of P in biochar and make it more readily available to plants. Both
raw materials were mixed at 0%, 2.5%, 5%, 10%, and 20% (w/w) CaCO; and 0% and 5% (w/
w) CH,COOK, then pyrolyzed at 400 C , 600 C , and 800 C , followed by measurements of P
availability and species in biochars. A bioassay pot experiment was conducted using K-treated
SS biochar with or without nitrogen (N) fertilizer to test P fertilizer effect of biochar for a plant
(Japanese mustard spinach). Experimental results showed that when CaCO; was added to raw
materials before pyrolysis, P was fixed in biochar in a stable form and expected to be effective
as a slow-release fertilizer, particularly at the highest pyrolysis temperature, confirmed by P
sequential extraction and X-ray diffraction (XRD) results. On the other hand, P sequential ex-
traction and XRD confirmed that when CH,COOK was added, P was transformed from stable
forms into forms that were readily available and easily absorbable by plants. From the bioassay
experiment, the plant biomass was highest with an application of K-treated SS biochar coupled
with N fertilizer, which was not significant with that with chemical fertilizer. However, SS bio-

char alone, Ca-treated SS biochar, or K-treated SS biochar without N fertilizer showed reduced



B - R - R BBEREIF R SR D/ NA T RO ALAFALIR 225 SRR OILEEZA L) > i IE R S 2

biomass, which was equivalent with that with no amendments at all (soil only). Nevertheless, P

absorbed by the plant was not significantly different among all treatments, indicating all biochars

may have provided enough P to plant. It was shown that even Ca- or K-treated biochar alone did

not suffice to replace chemical fertilizer unless added with N fertilizer especially for leafy plant

such as spinach. In conclusion, the study showed that Ca-treatment of raw materials with 0~5%

rate could enhance stable forms of P, but K-treatment with 5% rate could improve available

forms of P after high temperature pyrolysis, and that particularly K-treated biochar could be used

as an alternative to P fertilizers by modifying the biochar production process.

Keywords: Biochar, chicken manure, phosphorus fertilizer, phosphorus fractions, sewage sludge

1.F

#

W OEF I LERHEZRERELTERE (N).
)y (P HITA (K) B3db. FTF) S EIROK G
DURIESIL, BER) 2 ETBEEY L0 A
DO ED DS TV (Rittmann et al. 2011) o
BER)EEUCEFELTIKGRSBELENHS
2 EEOFERIERH T AL RBEG G O% D HIE
PRSI TS G0 TR A BV R L NAF el
TIEIHE 3 2098237 TV % (Manogaran et al.
2022) -

IAFFAFO)AXZEAE DR Th D, B
ANIFEEHRICEINDIRA L EBAF LV EFEEL TV,
#ERIEL TS (Luetal. 2023) 0 ZOHTh, 8k (Fe)
RTNVI=T L (Al LAEELIZHEME)  OTREL LD
WA O RN EE 25720, FERFIHAR N2 E
D CTH D, ZD720, AT RV T L (Ca)
L)L (K) ZRINSEHIET, Fe X Al LOFEE
T DZERHON T D, REEIV I 2% R e 3,
WZRALEATHIZE T, BRI L CTHIFETES Ca i
BBV ANBITTHIEPHOEN TS (Zhu et al.
2023), F72. WEEEHY LE I RALEITIZET, 5
W) AIEREICRAT T AZEDS S ST D (Buss et
al. 2022) o

INAF ROV DILREARE§ A1, T k%
D RERE L CRIAMGTS 2 L CEETHL, 4K

O IR B2 B TS Lo TR Sl
EINB) L BENETHIE TR HZED
THEChD, TPV ROTEIEL 3T 5 kL
T Hedley & K5 5SS — R KDL TBY (Xu
et al. 2016) . ZDOFHENAF KD EROTERED 55
MG T AZEDTEETH LD, LA L, TNHOMLH
ZE BRI D R, JRALTLE ., Ca RKDRE
12k 2) v DILREZEAIC OW TR BRI ZE 25 7 72
O, SHLRDMFEEATIVEDS B 5,

PEoT. ARWFZE TlE B4R D FERE IV 72 LA ALE N
AT IROIERE . ENHDINAF D) IRIEREDZEE,
EOINEWFEH LB T RO LR B2 B S M2
AHIErHMELTZ,

2. MREAE

2.1. B
2.1.1. NMFRIER
VR RE BRI L - 38303, Rt AL T
DAL A 2023 4F 6 HICERIL . Al KFENEST
THIHIE RS 7-1%. 85SCORIEME N Tl sE72,
VRIS 7o FE 3R CHIAE 2 mm DUNISHiIR 720
FERETRIE L, BEM T CHIS N T ARG RE
P LU 7HRAY S RETRE 23 Lo BERE (Allegra
X-30R, Beckman Coulter) % H\>T 4700 rpm T 10 47
., 25COZRMTELITHEL 720 E 0Bl L7z [EDE
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GriE. 60 CORZIRMEN TRMR S /2, HZIRS 758
FERRIE LRI 2 mm PUT 22720

Ry MEEE FEER O L7238 BE ki X, $RILS I
TARGIREFEEEL, W LR NIZT 200 L
LAY FERERE A OFRIN 72 A% 5 BE T JE% 4500 rpm
T10 M DL 720 ARSI 53T
RO 5% EHE CT/N—VLRF AT H
B iE L 720 HiE . o7z LEAREFEEOK
HEARZB AL TR, 3.5 mol L' NaOH &4 N
ZACpHZ 10 IZFE L7z D% 1.5 HRIHHL 72,
pH ALER R 2 ) 1 L& 5 W2 L 72 [ 53 2 BE i 5 >~
IBRFELSE LTz 4AC TR SN ISR RiE T Bt
TSRS 728, 60CORIEHE N Tl s E 72,
B S SR A ORI 2 mm DL ISHiZ 720

2.1.2. NAF R

FALBEINA F e 1d 2 mm BUF V23 272 % B R %
45SCOFCIEPEN T— Bz S 72, TaHIC A
N, SHITESAILO V- SR ARICEHAL. AR
HE ST min"'s &AL IR EE 400 T, 600 C. 800 C.
RFFFERH 2 THEA ~ Y 7IVIF (FUW242PA,
ADVANTEC) |ZTHAbL7z0 1EBL 723N F B I3ER T
KR 500 uwm PLUFIZHIZ 720 ST FRIE B ROV HE 35
BHORMBINAT ik, RFEMEIRBLORIBE Lk
s %o

BRIV 2 DALBLTIE, RALBENAF i [A RO
FNECRAFEZ IR 72K JFEHI LT B 2.5%.
5%+ 10%. 20% DIRA AR DIN KBV D%
IR EZBRIREET S IR AL 720 The s EE 5T
min, SALIEEE 400C, 600C. 8007, FR¥FE:fH 2
W ChAbL 720 VEBEL 72314 I B TR Z 500
um LUTIHIR 720 SEREFRIE 35 L OVHE 3 JRURL 0 i ik
HN T DLBNA jié% . Ca FERERBLU Ca FoHE i
EERRT %o

WElE 770) 7 AL TlE, RALHE A ji & [EFR D
F TR AL Z Wi 2 72 FEWEIRIE 30 g H DWW ITFHE
40 g AFLC. BRI 5% ORAELRD L) ICHERE

HI)TL15gdHAH L2 g% 20 mL &5\ 1d 60 mL
DOHANZEPL T, 300mLE =7 — 2B LIEEL
720 3 EL GRSE %, 60COE RN
THZSRSE /-1, FHEE 5T min's RAGIEE
400C, 600C. 800 C. Pr¥FHe[H 2 I THRRALL
720 VEBLL 7234 UL B TRIZEZ 500 um LT IS
fii 2720 FEWEFRIEBLOBIEF R OFERE ) 20
HNAF k%, K SsHRBLO K B3 Rk MRS 2,

2.1.3. i I8

R FEBRIE, W RN RN OBREE L7 ]
FERMERE A5 2024 4F 11 IR 72 138 % FH 72,
fifiz T 9.5 mm DL FICL 72 H38% 45C oMz 1%
NT2~ 3 HlfzsE72, R VORI %
2 mm PUF IS 2 TB 3R L 72,

2.1.4. bR BERL

HEEFEBRCIE, ERMEHIIRE (N 46%EH . ¥
HI) . VEEHTEBERR AR (P05 17.5% & A
FIHTEE) . 2w 2fEehaE binE (K0 60% &4 .
72E5T%) Wz, SHSEHHREFLEKICHY, $)o
AL THIRICLTHSMEHL 720
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2.2.1. VUERTCRERER

R BLUNAF ROV R Z R AHHNIL, Hedley %
P EER DL N i ISR S 72T (Xu et
al. 2016) |ZHEWIIEL 720

BUHH I ZEERRIE 50 mL 3 LB IR B RO
B 0.2 g LA 20 mL A2, AEEIREEZ FWT
160 rpm C 16 REMARE L 720 REH, w00 HERE T
30 77 &L BER ATV, W50 % PR 74 VE —R)L
5 —120.8 ym ATV TANY —ZNTH T ah
WL, ShrEEELz. ZORBIZ, AV TLYTAVE —
FICHE S EIE %, m O R O T AR A o7
50 mL &L, DI S72ROER 20 mL & T
MLANTZ. TNE 16 IR E L RO BRIEL 1T -
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7o BVRWIEAEIK, 0.5 mol L™ NaHCO;. 0.1 mol L™
NaOH. 1 mol L™ HCl DNEFF TITo7z, VAR CHlit
ENT=AME 045 um AT L TANY =% LT
TIWasH#EL, SATEEEL7Z0 1 mol L HCL i 2
\ZFE o7z [ G L AR R o 72 B 41 A % 50 mL
DZINVE = —ZHRE TR AN, E—F—
DY T NVeFe ik, ERBIUNAF RO VL
BRICHENESE A W AT (W EIE NEAR T3 &
2010) 1ZHEoTy 2 AT IRE R HI LTI E
Pt ) v LTIz,

Gt R pHIREL 2%, A =T F I % —
(FIAlyzer 2000, FIAlab Instruments) % F\>C 1) -
BVT TV TN =GR Ko TAW D) PR e
ZHlEL7,

2.2.2. By btEEER

ARy MR BRI, B F B T EBR= N (25T
£20) IZHKESNIOGHEMNE3 BTN TITbi,
2024 4F 12 H 2 H2*5 2025 4F 1 H 7 HE T 36 HIH.,
3~V (Brassica rapa var. perviridis) %55 L 720
PRFABR L, LR N ROEELLEH L7
WHEOADKX (HERIX) ., fLEEHOHDIX (L
JEIX) . RFEEEHE 1% (wiw) FEFIX (RFEEEERIX) .
Ca 5% 1% (wiw) KX (Ca ZEERIX). K 5§
P 1 1% (wiw) T X (K JER% e [X) (K FEIRE R 1% (w/
w) LEFMEGEHIX (K 568K N X)), K #B3E 5K
1% (wiw) LEFIERHX (KEERNIX) 07
XEL7zo TNHLORERXIZBWT, TNZE s ET
HREAT o720

Ryb (45, 04L) ORICEAZHEFED, €01
KA CE WV, 1300 g ALz, KT
13300 g DIFEEIGRAL T, RyNIFEIEL 2, b
REEHI R SR OB R T B 23~y - fi 3
(N:P,05K,0 = 14:12:12 kg 10 a™') (Z&bETHill%E
L72e TNHDORYMIHIEOR KEKED 50% 12705
SN BRI, —BEEEL 720

I~V F O FIE R — R EE L /2B HIC, 1

FRH Lem ZHEFEL 1 RYyMNIOE 8 RARFEL .35 HRT.
TR G B % S0%IZHERFL 720 KDL 9:00 ~
13:00 DRNZEHIT-720 10 HHICHF EZ1T\», &F
DR VERZRYIYE720 2 BR72ITFR L 72, D% 26 H
2 e T 72,

R T R (BEED - 230) L E (BRER)
2T CEL 720 T DRMEY % 45 CORZIEFEN
T3 HY ERZRSETHS, T2, K $E ik
N XIZZEHFELTEFLDE 5 Ry 8 #k721FTHY.
ZOHILINHETE/-DIF 2 72T Th o720 K HBHE K
N XU O AEIL 2 BREFTTHRIBL, K B3R N
XiE 1RV 1RO 2 EOFIHMETHIEL 720 YK
B RER, @RE. ®8E. 2V &h)vLE

ﬁ\jﬁ‘Lf:o

2.3. RAE
2.3.1. pH LEEX

TIEO pH T HIEERSE AT (LIRS AT i 42
ZH 43 1997) 12fEvy, Rz 13 10 g £#E7K 20 mL
AR EAE T 160 rpm T 1 FeE3RE L 7-1%. pH A—
%— (LAQUA F-71, HORIBA) Tilll5EL7z0 /N F j&
O pH IZHZHED J5 s (Singh et al. 2017) (ZHEVy, JH
VAT B 2 g Ltk 20 mL # A EIRE T 160 rpm
T 1 RpiRE L7212, pH A—F—CTllEL720

TIEOBERIIHIERE SATE (HIEBRE T
MMERE S 1997) 12HEv, JEEZ I8 5 g LAtk 25
mL % £ 2 4R % #% T 160 rpm T 1 BE 3R & L 72 £,
EC #—%— (SEVEN Easy, METTLER TOLEDO) T
HTEL720 NAT ROBERIIHEAED S (Singh et
al. 2017) ZHEV>, JEEZNAA ji 2 g 47K 20 mL %
EEIREFE T 160 rpm T 1 FE3REL 726, EC X—
&y —CTHlEL,

2.3.2. KBHV VB, FIHEREUVER, £V
JERHBIUNAF R OIKEE) BRI, EFEZHEL 0.2

g EATK 30 mL ZfETEHREHE T 160 rpm T 16 KRR

L7t W OBET S o HE O HEL . B AR
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045 um ATV TANE—TAHBL, ST aEEL7Z0

TIEOWHEEE) 1 A #E 0 Mehlich 3 #liHZ: (Kuo
1996) |ZHEVy, JEEZ 123 2 g & Mehlich 3 #li 7
20 mL ZEAEIRERE T 200 rpm T 5 3 HARE L 724,
045 um ATV TANT—TAHMBL, DATREEL.
JEEFBIUNAF DTG TE) IR D 2% FHLHh
i (Rajan et al. 1992) (2HEv, EEZREL 025 g &
Wz 25 mL # [ EIR %% T 160 rpm T 30 45 MR %
L7z, 045 um AV 7Ly T74VF—TAhHBL, 5HT
B

JEORLBLUNA T D42 %, HERR S A ¥ 44T 1
(W NHAR L3887 4% 2010) 1266w, EEZEEL 0.5
e HhHEE. IR BLOBEIE R CERE SR,
045 um ATV TAVE—THBL, ATk,
TR D) A%, iR - W R (R 5
BEBREMET B S 1990) 1296w, JAEZH FEER
#L0.1 g EEIRLIZ%.045 um ATV TANY—
THBL, L7z,

KBV WE, WAGEEY VR, 4 BIOE K
BoGIEENE. BIERIC pH 1T o720 A
RRIZEDELAEEEAATTIATIZAN, pH /R
3 (0.25% wiv 2,4 =NaT7 /=) % 2EIEETNA.
NaOH $ 5\ & HCl CHil#ef%, MK TERL T, 4—
N7 FIAF = HWT) Y - )T T 7N — Ot REE
B THE O B 2Rl L7,

2.3.3. REFERBE

INAF BEORMMOM A EIL, X REHTEE (DS
ADVANCE, BRUKER) ZH\ T, g #iP % 10°~
70°, FE X 40 KV, FEHTIZ 40 mA.2 013 26° CHIlEL 720

234 . {EMFREIRES

WHEL 72~y O b (BB, 2 H) Lt T (1R
) E, EE TR (AS482, T AT ) LIKIEK
EHWTHEH L TrOERMEIC W, RERE
AR DOK % T I SEWSTHS 15 CORIEFEN
TR BT THILETF R (ASP413, TAT )

2HCTHEL .

24. ettt

FEERO IR RIS, BT EE NIRRT L
TOFEGHT (—ICRLE. p < 0.05) &fTo7z. F72.
F AT EE B Tukey % VTS EILE ST (p
<0.05) ZAT-o7z0 MEMHHNTIZIZ. STATISTICASG.1
(StatSoft Inc., Tulsa, OK, USA) % v 72,

3. /R

3.1 iREEH IV I LALIB /S F iR
3.1.1. pH

FEMEFRIE JEURL O pH 1E 7.41 T, 400TE 600C D3
B i TN ER AV 27 DAL L B8 227 pH O L5
ARSI, 800CHEEE ik TRV 2 ZLEIZ LD
pH O KIEZ A RSNz (Fig. 1a) H3EF KD
pH 13 6.68 T, ZiEDFEHE ik TILIRERAIV DT LML
HIZEST pH O_LHDEONIAS, KEEIIV 7 LR
HIIZEDRELEALIZ RSN 2D -7 (Fig. 1b)o
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o

Fig 1. pH of fermentation residue (FR) and
FR-biochars (a) and chicken manure (CM)
and CM-biochars (b) processed with differ-
ent calcium carbonate rates and pyrolysis
temperatures

Different letters denote significant differenc-
es among treatments by 5%.
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3.1.2. KBV B, FIIRREUVEE, 2)v
BRI JFR O KBV ERIE 157 g kg T i
BRIV MR A FOBEINE SN ARE ) A BR DS A L
7= (Fig. 2a) o FHIFORLOKREME) v HRIX 4.03 gkg ' T\
AR VARG Y R OW A D3 H B 7z (Fig. 2b) o
AR EE D b 57 L3R KE M) SR AN AL, 800
FEHE JETIIRIE M) IR DS 1ZE AL SN hr o7z,
400°CFEHE fit TR BRIV S AR A B e 312,
RGN AR DI RSN,
FEREHRIE FORL O T HE AR VU BEIX 9.10 g kg TL Bk
AV DALERC Ko TR REY IR S i K Cdho 7z
DIZ 800CTDFERE i Tdro7> (Fig. 3a) o 400TE 600T
DIEEEFEILEL, TNERO RV ARE
T 800 CHIEKIZB VTR VA E WL %o
7o FREFRIOWHERE) VRIZ 108 g kg T, AL
RIS R B O MA RSN 72 (Fig. 3b). 400T
& 600 COFBIE e TIX, IRV AR A OB
EILZTTHRRE) VIR O A DS Bz, 800TCH# kT
(X 2.5% BE 5% OREEIIVI NREOEEICE
W, 800 COFBHE jik LN T HRTEY) Bk ASEE L 7275,

5 ra)
4 |

3

b
(4
2+ cd
de "

fos f f
1t fe gh

100nn N N
0 -
FR [ 0% 2.5% 5% 10% 20%| 0% 2.5% 5% 10% 20%| 0% 2.5% 5% 10% 20%
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w

Fig 2. Water-soluble phosphate of fermen-
tation residue (FR) and FR-biochars (a) and
chicken manure (CM) and CM-biochars (b)
processed with different calcium carbonate
rates and pyrolysis temperatures

Different letters denote significant differenc-
es among treatments by 5%.

BN BB DI NETTHERE) VBEASI A L 720
SR RO ) 13 375 g kg Ty RALIRE
O EREIIZE) EESBINL /2 (Fig. 4a) . B3
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20 o fg

10 ]

0

CM | 0% 2.5% 5% 10% 20%| 0% 2.5% 5% 10% 20%| 0% 2.5% 5% 10% 20%
400°C 600°C 800°C

Fig 3. Available phosphate of fermentation

residue (FR) and FR-biochars (a) and chicken
manure (CM) and CM-biochars (b) processed

Available phosphate (g/kg)

with different calcium carbonate rates and
pyrolysis temperatures

Different letters denote significant differenc-
es among treatments by 5%.

g

ra)

®
o

cdef dof def def cde

-
o

Total phosphorus (g/kg)

g

i

FR | 0% 2.5% 5% 10% 20%| 0% 2.5% 5% 10% 20%| 0% 2.5% 5% 10% 20%

IS
o

~
o

400°C 600°C 800°C
$ 100 [p)
<
o
4 80
S
2
Q
8 60
£
Q
2 40
2 I a ab
= cdef of def cde bede bede of  of abe abed

SO LANLD

CM | 0% 2.5% 5% 10% 20%| 0% 2.5% 5% 10% 20%
400°C 600°C

0% 2.5% 5% 10% 20%
800°C

Fig 4. Total phosphorus of fermentation res-
idue (FR) and FR-biochars (a) and chicken
manure (CM) and CM-biochars (b) processed
with different calcium carbonate rates and
pyrolysis temperatures

Different letters denote significant differenc-
es among treatments by 5%.
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JERD A 1E17.0 g kg Ty FALRICE) VDR
SEEINL. REEAIV I ZRA OB N > TR A
) Tdh-7- (Fig. 4b) o

3.1.3. ER Y B RE

FETE e DKM & NaHCO, $liH) VR O &4
. R BIO BBV A LB Al L C iR Y
Bl ENZEN0 ~ 3% BED 2 ~ 6% O#HiFH T E)
L7z (Fig. 5a) o NaHCO, fili 1i7) > Ek 1. 800 C 38 B
W CIHEA DB NE G IRL 72, NaOH i) > R
F A LT 58% THY. 400CHB LV 600TDF
R TIEREREALI RN D o7 (54 ~ 64%) . L
L. 800 CHERE bk TRV AR A O TE
PR WRIEZ KD (21 ~ 56%) DEIZREI/2, HCL
) EROE A RACICEDER (20%) L
LCHIML. 400CB LV 600C D FEEE fic Tl k7
W MR A OB NIV A L7225, 800T 5
Bk ClEBIns 2 A s oz, Rl ofE
. ERO 14% &L T TOMEX CHL (2 ~
11%) . RAGIREIC LD IR BT RSN R o7,

a) B Water R NaHCO3 @ NaOH £ HCI mResisual
100% - ] —

= 80%
K
£ 60%
c
2
3 40% '
Q
13
S 20% g

0% - b

FR [ 0% 2.5% 5% 10% 20%| 0% 2.5% 5% 10% 20%| 0% 2.5% 5% 10% 20
400°C 600°C 800°C
b) 0 Water L1NaHCO3 @ NaOH E1HCI B Residual
100%

& 80%
o
g
c 60%
L
8 a0%
£
o
© 20%

0%

Fig 5. Phosphorus fraction composition rate
of fermentation residue (FR) and FR-biochars
(a) and chicken manure (CM) and CM-bio-
chars (b) processed with different calcium
carbonate rates and pyrolysis temperatures

FEFE R ORI R OB AL EAEO 34% H5
RACLBERZ I KIFIZIHRAL (0 ~9%) . BRIV
PR AL ABE BT RSN h 572 (Fig. 5b)o
NaHCO, flHi) U RO EI &1, 400CH LD 600C D%
FHRTIIER (19%) LIZZREE 21 ~22%) T
Hotzhs, 800THHE e TP (17%) . HEEH IV
YLRAIZENSSIE L7 (12%) . NaOH i)
YTROFNEEFET 2% LR, 400CHIE fk TH
ZHEIN (4~ 5%) L72boo, @i Tidimdl, &T
DILFRX TE) AN HDLEE KA 72 (0~ 5%)
HC i) A BROEI AL, RAGIREE D F SR EE
L. BRERAIV S MR\ Z LD T R BT oo
720 BRIV VEEOEI A, FE (14%) SIERLTHR
FEFE R THAL (10 ~ 12%) . RALIREED EHIZfE
WA A RSNz, 600CBLD 800CHHHE
RTIE RERIIVS T AR A I FRE) > AL 72,

3.1.4. REFEREE
400 CIEME Tl KRB RIZBWCHL»72E—7
DRSNTo7zhs FFEH IV 7 ZALER X0 ) A

* :Calcite(CaC0;) # : Quartz(Si0z) : Tridymite (Si0z) : Lime (Ca0)
a)
$ *y
800°C 20% PPV |
A
3 800°C 0%
s
2 600°C 20% # *
i3 A A AN
§ 600°C0%
£
400°C 20% __AA_NJ o
400°C 0% = .
10 20 30 40 50 60 70 80
26 (%)
* :Calcite(CaC0;) # :Lime(Si0) v : Sylvite(KCI)
b) *
800°C 20% L
800°C 0%
3
s
4v
%‘ 600°C 20% P P B S VY
[
g 600°C 0% l
400°C 20% - Ax
400°C 0% l A
10 20 30 40 50 60 70 80
26 (%)

Fig 6. X-ray diffraction pattern of fermenta-
tion residue-biochars (a) and chicken ma-
nure-biochars (b) processed with different
calcium carbonate rates and pyrolysis tem-
peratures



B - R R BEEEY AR O AT R OALF LI LB S BRI REZS

(Calcite; CaCO;) D b A3 .57z (Fig. 6a)o i
B HOBIMESLI T A ORI 72, A%
(Quartz Si0,) OfEFLRONTz REEHIL LT LAL

ICE) HR A O — s /onizbEz 5N b, 600C
FEWE Tl 400 CHEBE L [RARIC T R & A SE DY —
IR RERIIVT T AR A OB IR &
FEAEEINL 720 800 CHEME bk TOHIRIERIZ T i & 3
DE=IREONTe Ll AEOE—713/NEL%
D, M)F 1< Ah (Tridmite; Si0,) DY —2r255R{H
720 F720 10% DL EORA HIZBIT R X TIEAIK
(Lime; CaO) OY—Z2387z,

400CL 600 CHHH jk Tld, HRA LT IVNA
I (Sylvite; KCl) O #E di kA 5472 (Fig. 6b)o
Ti RN IR R A1V 7 MR F OB I B T i e
AL 72725, IV MIR A OB LTt i
FEDA D FONT20 800 THZE & Tl I/ NA D
AL T, HRAOE—r DI ALNTz,

3.2. BEEEH Y ) LR /SAF ik
3.2.1. pH

FEMEFRIE FEL O pH (£ 7.5 T, BURFE ILERL CTik
L1212 pH O LA SI7- (8.45 ~ 9.44; Fig. 7a) o
FERR) o ZALERIZ LD, RALFE R IDD W EE o7z
(9.33~9.96) . FHEE K D pH 12694 T, il
IZ pH O _EFADSH SN2 (10.2 ~ 13.4; Fig. 7b) o FERE
) ZLE LD, RAE RIS E N EE o7z (109
~134)
3.2.2. KBHV B, FIHRREUVER, £Y»

FEREFRIE RO KB RIE 1.48 gkg ' T 2T
D AR BN B THERR A AMLER I Lo TARALER jk
IDbEVIKEME) RS HE Sz (Fig. 8a) o #B3
JERLOKAETE) V1L 2.68 g kg Ty BALIRIZAKENE
VIERDNRAL72 (Fig. 8b)o 800CHIE e Tld, K
PV ERDNITEAE IS N D572, 400TE 600TD
FEHEETIE. BEERA) Y ZMLER S Ko TARALEE ik K0
KRBT VBRI S T2,

(DT SY IS 8
SRR F RO AR VFRIL 10.1 g kg' T &
T AR B CTHERR ) 7 LML 2 30 AR ALER i
14 ra)
12
F10 be b 2
| | ’—E—‘ H H I l
¢ FR ‘ 0% % ‘ 0% 5%
400°C 600°C 800°C
14 rp) b a
2t
c d c
Z 10 :
8 |
f
. M
o™ | 0% 5% 0% 5% 0% 5%
400°C 600°C 800°C

Fig 7. pH of fermentation residue (FR) and
FR-biochars (a) and chicken manure (CM)
and CM-biochars (b) processed with differ-
ent potassium acetate rates and pyrolysis
temperatures

Different letters denote significant differenc-
es among treatments by 5%.

5 ra)

4 L

2 4 d d
0 [1
0% 5%

FR ‘ ‘ 0% 5% ‘ 0% 5%

Water-soluble phosphate (g/kg)
w

400°C 800°C

5 [ b)

[

b
1+
ﬂ d e e e
0 |
™ ‘ 0% 5% ‘ 0% 5% 0% 5%
600°C 800°C

Water-soluble phosphate (g/kg)
w
©

400°C
Fig 8. Water-soluble phosphate of fermen-
tation residue (FR) and FR-biochars (a) and
chicken manure (CM) and CM-biochars (b)
processed with different potassium acetate
rates and pyrolysis temperatures

Different letters denote significant differenc-
es among treatments by 5%.
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INOEIREEAIE SN (Fig. 9a) o R RDHEHE
VORI, BEEEA) Y 2 5% WO 800 CHEEE ik Tdho
72 (164 gkg')o FHEFE O FEREY VI 10.7 g
kg T\ RALTRICE T AGEE) CERs i a7 (18.9
~21.6 g kg'"; Fig. 9b) o 400T& 800 C DI ji: Tl
R LALHR 2 Ko TRALER je Kb BT G TEY
FRosHit SNz, RO WHERE) VERIZ, BERRA)™Y A
5% JLELO 800CHH K CTho7z (21.5gkg o

TSR R D42 1% 359 g kg Ty RALIREE
L) EEN ER L7 (57.6 ~ 83.7 g kg'; Fig.
10a) o FEIEFR D4 1T 14.0 g kg T, HALIRE
L) DS AL (20.5 ~33.0 g kg''; Fig.
10b)o

3.2.3. EXRMH Y L EERZRE
FEREFRIE O 7K ) » R & NaHCO, i i)~ % 0
EA A EL TS (2 ~5%) . #ALIZX) NaH-
CO, )V EEASR A L7223, BEREA) Y L O 5
B3N o7z (Fig. 11a) o NaOH HH Y BROEI &
LI CRERZE IR H o7 (57 ~59%). HCI

ra)

]Hﬂﬂﬂll

FR ‘

Available phosphate (g/kg)
= = N N
w o w o w

o

600°C 800°C

25 rp)
b
20 - <

15

Available phosphate (g/kg)

w™ 0% 5% 0% 5% 0% 5%
400°C 600°C 800°C

Fig 9. Available phosphate of fermentation
residue (FR) and FR-biochars (a) and chicken
manure (CM) and CM-biochars (b) processed
with different potassium acetate rates and
pyrolysis temperatures

Different letters denote significant differenc-
es among treatments by 5%.

) > BROE G RALIZEDIEINL 7228 (19% 25

3

526%) o

Total phosphorus (g/kg)

Total phosphorus (g/kg)

Composition rate (%)

Composition rate (%)

1%) . FEFR/) ™ ZLFECh$ 2

PRI > DEIEIX AL

WAL (31% H»
T L7z

8

- a)

80

a
b
L c [+
d

60 | d
40 | ©
2O_AI

‘ 0% 5% ‘ 0% 5%

o

FR 0% 5%

400°C 600°C 800°C

-
o
=3

- b)

60

40

2:_l|ﬂﬂr||_|ll

400°C 600°C |

800°C
Fig 10. Total phosphorus of fermentation
residue (FR) and FR-biochars (a) and chicken
manure (CM) and CM-biochars (b) processed
with different potassium acetate rates and
pyrolysis temperatures

Different letters denote significant differenc-
es among treatments by 5%.

a) B Water 1 NaHCO3 £ NaOH £ HC| m Residual
100% —
80% |
60%
40%
20%
o -
800°C
b) [ Water @ NaHCO3 & NaOH @ HC| m Residual
100%
80% | o
60%
40%
20%
0% — -
™
800°C
Fig 11. Phosphorus fraction composition rate

of fermentation residue (FR) and FR-biochars
(a) and chicken manure (CM) and CM-bio-
chars (b) processed with different potassium
acetate rates and 800°C pyrolysis tempera-
ture



B - iR R BN E R RO S R OALF LI XD S TRO T RE

FEFE R DIRFI) VBRI RALICEDIE R L7z (16% 75>
5 0%; Fig. 11b) o NaHCO, fifi 1) > % & NaOH il 11
VIR FALBLOBERE ) ZALE XD 3 A L7 (21%
5 9% 725 5% BLUN12% 225 1% 55 1%) o 5 FRAIZ,
HCIl ) BRI A LB L OWERR ) 2MLERL 2 L) 2L
BEINL7z (37% 25 76% BLU 76% 75 81%) o Fifs
) OEEIIIE L TREL T (13~ 14%) 6

3.24. REHEEBE

400CE 600 CDOFEEE i IZB\T, FEEES ) 2 LEE
(LAY —7 D RERELIZREN 2 h 572 (Fig. 12a)0
L2 L. 800C D K F&HE fic TILARMLBE ek Figgl, b
VT AR A M EOIAE DRSNS, AL
7o ZENIRENT, 400TE 600CHFEIE R TIE, iR
AL NAIORE A SN2 (Fig. 12b)o F7
i A F AR BE 0 b SRk o Tl b BE DS L 726
800 CHBIE jx Tl R AR T VA MDFE b S b
SN VAN e 24NV (VR

3.3. Ry g RER
3.3.1. A LIBE M F R DR

BRI EBRICH W IR T, S FRIEE AR
TG RE) WL/ WS A o7z (Table 1) #5855
BRI 7B BE AL T VAR IR L. WEEE ) 2L

ZEALE) HEHERN S 10

CEDKE) R, WARRE) VER. A)Y AhSH
L7z (Table 2)o ¥ HEITE N pH, 5\ EEE 3
IR EM) VR, SEEE R R AR FE O W KR RE) R

EWEAY AR E L7 (Table 2). FEEEEE B
JOZDRA O EIEIREIT VI=ZT 2D b EL,

Y < S R =R SEA -
RWTHNTLATHY, —HIBEOe RSz
(Table 3) o
# : Quartz (Si0,) : Tridymite(Si0,)
a) s #
800°C5% towte s i
_ 800°C 0% WMM‘MWMW
3
3 600°C5% - e
£ 600°C 0%  womr ‘o
£ 400°C 5% st i a
400°C 0%+~ e
10 15 20 25 30 35 40 45 50
26()
* :Calcite(CaC0;) © : Struvite (NHMgPO, 6H,0) v : Sylvite(KCI)
b)
800°C 5% S
800°C 0%
3
S 600°C 5%
z
£ 600°C 0% N A
£ 400°C5% X Ax
400°C 0% N An
10 20 30 40 50 60 70 80

20(°)
Fig 12. X-ray diffraction pattern of fermen-
tation residue-biochars (a) and chicken ma-
nure-biochars (b) processed with different
potassium acetate rates and pyrolysis tem-
peratures

Table 1. Basic characteristics of soil sample used in bioassay experiment before experiment

Ax‘aifablc

H Electric Ammonium-  Nitrate- Available  Bulk  Cation exchange
P conductivity nitrogen nitrogen  phosphate  potassium  density capacity
uS cm! mg kg! mgke'  mgkg! mg kg! gm? cmol. kg™!
7.13 88.0 0.22 5.21 729 274 1.17 12.1

Table 2. Basic characteristics of fermentation residue, fermentation residue-biochar, and chicken

manure-biochar used in bioassay experiment

Pyrolysis Treatment H Electric Water-soluble ~ Available Total Total
temperature P conductivity phosphate phosphate  phosphorus  potassium

uScm gke! gke! g kg g kg
Fermentation residue 9.7 3340 55 13.4 36.8 1.4
Fermentation residuc- None 10.3 3023 10.2 18.4 73.7 2.8
biochar 800°C Ca 10.8 3690 9.1 18.0 73.9 3.0

K 10.5 5807 17.0 232 76.3 31.6

Chicken manure-biochar 800°C K 13.3 43233 0.3 22.6 31.1 65.2
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3.3.2. IR TIRD pH BLUVHER

BB RO 1T, ALK CIEmLIC AR FEAF
YHUHT pH 2ME T L7275, Mo LB X Tl pH A5 1
L7z (Table 4) o FEFFERTR DK HER XD pH 13,
IENEIX 715, LIEIX 6.01, FKFEEE KX 8.13. Ca 3§
X 8.28, K B8k [X 8.18. K FE# ik N [X 7.52,
K 831k N [X 7.93 Thotzo #HiHRoHOER R

Tld, BVIEBEEZFoCTWHBE KX CHFIC LA
L7z (Table 4), #IFFEERZ DK AR KX OEESIT,
HEAEIX 82.7 uS em™y ALAEIX 680 uS cm™\ KIS
[X 223 uS cm™'. Ca Z&F#iRIX 262 uS em™\ K FEH%)
[X 240 uS cm™'. K Z&f# 7% N [X 360 uS cm™', K #53
B N IX 818 uS cm™ TH o720

XIE

XE

Table 3. Metal concentrations of fermentation residue, fermentation residue-biochar, chicken ma-

nure, and chicken manure-biochar used in bioassay experiment

Pyrolysis 7 iment Ca Mg Na Mn Zn Cu B Al Hg As Cr Cd Pb Se
temperature

gkg!
Fermentation residue 98 40 446 . 06 06 05 nd 806 =nd 005 nd nd nd nd
Fermentation residuc- None 124 8.0 894 11.7 13 1.1 1.0 nd 152 nd 0.05 0.1 nd nd nd
biochar 800°C Ca 279 108 119 137 15 12 1.1 nd 155 nd 0.07 0.1 nd nd nd
K 162 55 666 68 09 09 08 nd 107 nd nd nd nd nd nd
Chicken manure 314 88 41 . 07 05 0.1 nd 1.5 nd nd nd nd nd nd
Chicken manure-biochar 800°C K 46.5 162 84 2.7 1.3 09 0.1 nd 2.1 nd nd nd nd nd nd

Table 4. pH and electric conductivity of soil
samples used in bioassay experiment after

experiment
Electric
Treatment pH conductivity
uS em”!
Control 7.15 b 82.7 ¢
Chemical fertilizer 6.01 e 680 a
No treatment 8.13 ab 223 be
Fermentation residue- Ca-treatment 8.28 a 262 be
biochar K-treatment 8.18 ab 240 be
K-treatment + N 7.52 c 360 b
Chicken manure-biochar  K-treatment + N 7.93 b 818 a

Different letters denote significant differenc-
es among treatments by 5%.

333. MEMFDERER., £RER. 2ER. 22U
2HYIL

BIEAR ORI RO H_EFRORY MY 720 07 5
I, KZEERNKX (094 g) T—HFm kT
JEIX (0.81g) TH-7z (Fig. 13). HEALX (0.39 g)
AT, AT IROBDORIRIX T ELREITRS
Napofze FEEZROMMEO KT, (LRIX
(36.9%) DAtACToORERX M TH EE TR D o705,
Ca Z6FE Rk IX (40.6%) & K FMERIX (40.6%) T
bEo7z (Fig. 14) o

BEEGROMM RO FEIL, X (6.89%).

nd: not detectable under 0.001 g kg™

15 r mBelow ground O Above ground
a
= ab
g 12t
2
® 09 f
@
3
£ os b be be be
-
€
s
a
03 c
0
Control Chemical No trt Ca-trt K-trt K-trt+N K-trt+N
fertilizer FR-biochar CM-biochar

Fig 13. Plant dry weights (above ground and
below ground) after bioassay experiment
Control: no amendments, FR: fermentation
residue, CM: chicken manure

Different letters denote significant differenc-
es among treatments by 5%.

50 -
20 | b ab
30

20

Plant total carbon (%)

o

No trt Ca-trt K-trt K-trt+N K-trt+N
FR-biochar CM-biochar

Control Chemical

fertilizer
Fig 14. Plant total carbon after bioassay ex-
periment

Control: no amendments, FR: fermentation
residue, CM: chicken manure

Different letters denote significant differenc-
es among treatments by 5%.



B - A - B BBEREIE R SR D/ NA T RO ALAFALIR 225 SRR OILEEZA L) > i IE R S 12

K FE3E 5 N [X (6.81%) BLD K FEEEH N [X(6.10%)
THREIIELS TOMORBRIX ClIA BEEI G o7
(Fig. 15) o N JERHEEIX TRV EgFEm Lol

PR RO EOE)  EIZ, £TORBRKXTH
B IR olzns, KFEMRNIX (0.61%) T3
B RWTIRIELX (0.59%) K F53 5k N X (0.58%)
K 5/ IX (0.53%) ONETH-7- (Fig. 16) .

WEE RO RO SN L5, K BHER N X
(5.65%) T—FE. KWTILBIX (523%) TH
B3 hor (Fig 17). FEEEE RO TILK 5
BEik N X (277%) H—FFE< RWT K FEE K X
(2.13%) T, KFEBKIX (1.29%) BLU CaFERE
X (1.25%) JOEBEIZE o7,

Plant total nitrogen (%)

2+ b

o L]

Control

b b B
No trt Ca-trt K-trt K-trt+N
FR-biochar

Chemical K-trt+N

CM-biochar

fertilizer
Fig 15. Plant total nitrogen after bioassay ex-
periment

Control: no amendments, FR: fermentation
residue, CM: chicken manure

Different letters denote significant differenc-
es among treatments by 5%.

0.8

[ a
06 | °
04 |
02 |
0

Control Chemical

Plant total phosphorus (%)

i

No trt Ca-trt K-trt K-trt+N K-trt+N
FR-biochar CM-biochar

fertilizer
Fig 16. Plant total phosphorus after bioassay
experiment

Control: no amendments, FR: fermentation
residue, CM: chicken manure

Different letters denote significant differenc-
es among treatments by 5%.

Plant total potassium (%)

a
F be
cd
2 F
W d d
1 F i |
0
Control Chemical No trt Ca-trt K-trt K-trt+N
FR-biochar

K-trt+N
CM-biochar

fertilizer
Figure 17. Plant total potassium after bioas-
say experiment

Control: no amendments, FR: fermentation
residue, CM: chicken manure

Different letters denote significant differenc-
es among treatments by 5%.

4. ER

4.1, iREEH I I LIRS H R
4.1.1. pH

FEWEFRIE k@ pH X, JEATF%E (Adhikari et al.
2019, Liu et al. 2019) 2BV THE SN TS —f%
W Z#HNTH o7z KAL) pH @ F A3,
B B AR BT 5 A PRk B LU IR BRIR o 45 fif 1
W BTN EDOEERKEL T—HAIZHFES LT
% (Yuan et al. 2015) o JRERAIVI 7 ZALEEZ L 727N
A% TIE pH O_EADRROLN, FFIZH K R
£ 800TCIZB VT, KEEANV T ADRA HEDE
MR, BEZE 7 pH OB RDBIE SN (Fig. 1a)o
OB pH LA, Rk XRD 5T R (Fig.
6a) DOUREINDLINI, RERIIIV T LD IR S-S
THBLZ=T VD HIK (Ca0) DI HIZEDHD
LHERRE NS,

TAGIED BT B 54T ESE (Adhikari et
al. 2019, Méndez et al. 2013) Tli&, KDDLz
(OB IO EE OB T 2 i SN Tns
A ARIFZEIZBIT S 800TD Ca sFE A FRE, AR
DEADFRDHNT e NAF j D pH HSRALIRE D I
ALEDITHRTHHRL, AREROMSITINZ., v
KU, FIhr, T /=), VR VLS
FEARMERED TR L->THISRISNDEE Z
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LILTWA,

SCHRE & L THUE STV AIBIEIK D 600TIZH1T
% pHfE (8.27) IZxfL. &AWL THEHIL7Z 600TCD
FEHF RO pHE 11.5 2S8HF & D o7z (Fig. 1b) o %
WL T, HEEMERILEWRE) Y U DOTE
RATRIE SIS RO TCFEALBLAYK O FL P HLZ
ARG 2 L7280, K G DS ERE RALL 723
B WK O FURRE Fi L €L KD E v pH &
IKALBER A 5/ M T IR AL SN DI EAHILI TS
(Hass et al. 2012) o 4 [BI/EBL 7235 3 fR 1BV Tik
fLI2E% pH EADBIEENIZDIE, ZOAN=ALIZE
HHDEEZ BN,

%k XRD AT O R (Fig. 6b) 55, 800TD
RIBHE RPN TR EW AR (CaCO,) DE—
IR SN ZOZEIE, REEHIV T LRA WL
(ZEZ B RN RABEA LA G Th o721 HE
HARIEL T,

4.1.2. KBMY &

JeATEZE (Liu et al. 2019, Qian & Jiang 2014) T
E RAGIREE D BRIy Z g bl KiE
DB AT HLIMESN TV DL, Ll KBF%E
TlE 600CTH LU 800 CORFERERIZHBNT, JFELD
LEIKEE) CEEASFEO LIS (Fig. 2a) o Ca F6EE
B CUEIREM) Y BRASHA L. UL R @ PO,
AIFe™ R A LD AR Il S, Ca® LEEMIC
MALLER Ca-P R L2720 E 2515 (Liu
et al. 2019), BEXRIMHFEEROME R (Fig. 5a) 5,
800C D& IRV 27 WILBR D 56 1#% jk Tl Ca-P A5 &
VASEEINLTRY. KEHE) VRO E B LS
N THbo

FEHEIRIZBI S H5EATIISE (Wang et al. 2015) Tl
425C AL NA A i DK TH B A1) RO
ATRIBSIL, TR JEB L TR ) & B DS KRS
BL TS, RIFFETHREERIC, RAGIZEDAREE) >~
FRASHHZ A L7 (Fig. 1b) o BRI SR DA% 5
(Fig. 5b) 2*Hi. FIFH S HCL i) > 8 ]

SrOBEIMASRESI, ZIUIBTRICED) VTR RE D%
1t (Qian & Jiang 2014) &—E ¥ 5%, ALIEED L
FR BV DAL Z X 20) o O B A ] 45~
AT, KBV EROBANF G L7722 E 265,

4.1.3. AIHGREY VB8

INAF DY) FRA) T RERFAMGIZ 1 2% FHR T AHE
FTENTBY (Wang et al. 2012) . ZAUIHEIIZ L BT
WBREVVBROIRIEE 0D 2% FERIMH) V&I, V)
YIEEEL TN R Ofifi il % FFA % L CEETH
5o JeATHEZE (Robinson & Leinweber 2023) Tld,
PRAGIC KD FERAN ) » B = 25 N9 2 2 &3y S
THY, THIERHROFRE) &S OYlrE 250CEL
LD RACCEBEE T A ORI (Wang et al. 2012)
ISR T 5 FHEIL Cafli &) L SEWb R T FETH
") (Robinson & Leinweber 2023). A 32 @ & ¥k il
B (Fig. 5a) CTRIEBENLRILIZES Ca A1)
FREEMAS, WAGHE) IR INOEREE 26N 5 (Fig.
3a)o L2 L. BREEHIVI Y LR A BN & S 581
ROV AERE)  FRANIEAMENIZHD, 12 800T/ A4
K CHHE Th o720

JeATEE (Wang et al. 2015) Tld, ¥ &
FREEO) 2L 72 61bd 5, TR E L, &
A FEBRIC BT % HCL O Ca #5 &)V TEHEDS
LIHEMENLEEZHNS (Wang et al. 2012) » F3E(L
Ca &V D%\ EECHY (Robinson & Leinweber
2023) . ARWFZEDHIR T 5 HClL I E 5 D% (Fig.
6b) LEENTHD, KRR EDS, KILIZES
HC1 i 53 O N AN 45 REY » BROBE NI 27 5-L 72
EEZHNS,

4.1.4. £V

FEMETRIE O RAVALBIZ XY, JFORRE JLEL TNA
RO VRN LA L (Fig 4a)s ZHUE, IR
(BIEE IR O RIS E IR G T COH M 55 1
(Zhang et al. 2022) 12X2) > DiEfHIZE K 5, F

W DN AL E B AR L, &) ViR



B - R DB AR O AT R OALF LI LB S TROIEREZS

FEX AN AR 720 AV WAL T
E. R XL TR IRENMET L2, Ih
(&, JEATHEZE (Zhu et al. 2023) THI/IESINTEY,
PRIV BRI £ 535 e 1 56 0 3 £ &= 34
B INAF RO REEIINV D DEI B HERL ., A RE
L CRBERBER RO VBEEEARRL 2720825
NbHo
FIRIZBWTH, RALIZE) @) REN AL
(Fig. 4b)o ZAUE. B3R RALDS) » OEHET T H A
L, ARSI RSN A L LI —
ST AL TAHM IIZ A AR EEDSEEINL 72 (Zuo
et al. 2020) 72HLEZHNL, I KO ED KL

AR T D E AR R LT,

4.1.5. BRI S EERIRE
RACIZED T ARG R OH ) AT EERR) 8RS
N, &EHAT AL CERIEZEE TS (Luet
al. 2023, Yu et al. 2021) . F&MER CTlE, RAGIRED I
2B Fe/AL A5 A1) R (NaOH HliHE) k) D&
EDEAL CafliG) Bk (HCLHIHYAR) DG
AHEINL7: (Fig. 5a). Ziud, RALEE CHH B
7)Y BRHYESE T Ca BLU Mg BT REIC[E 2 b 3h
HEVHJEATIFZE (Nan et al. 2023, Qian & Jiang 2014)
—33 % HCl ) BRI ) » kLT
WMEEDE T T AN A ETDS, FelAl#54) 3HH
WCEBEFEF L (Zhu et al. 2023) 0 KBRS
Wy ALERE AL B KD 52 B AR R, 800TC T
VR EEAV S MRA O I AV NaOH i)~
FEAS L. HCL W) » RS KR8 Nl 72 (Fig.
5a) o ZALIE CaO/CaCO; IR MNIZ LS Fe/Al #& A1) > ik
& Ca/Mg FEE) IO JATIIZE (Liu et al. 2019,
Zhu et al. 2023) EFAMLT 5, 400TE 600TC TR 2T
o o7oOlx, KIR T CIERBRETOHIIVRF IV
HERNOF VD Cak DG G WT 72720 E 2 HND
(Qian & Jiang 2014) 800C CTIXINEHDE REH A )
s, RERAIV S AORRDFEBIL LS SN D,
FHFE e CILRALIZED HCL Hli ) 552384 inL 7z (Fig.

RN T SFIES 14

5b) o JEUETIZAKREMEY Y BROE S D R E o7
7% (Robinson & Leinweber 2023). #ALIZE) KIEIZ
WA LTzo SHIH G O fRE IKISRE R
HCI fillH #5330 (Qian & Jiang 2014, Wang et al.
2015) 12&%. BEIFEEHOUANIGERIEO BN S
FOV VR VANV WELUTHETES HHY (Wang et
al. 2015) FRALIZEDHKE SO m a8 PRI I
RS, HCL 3 73 D3 BB L o720 TS
LI IZPED CaMg DL VBRIV T L, T I8y
AMOFEHL (Robinson & Leinweber 2023) &—3%9 %,
XRD T\ gD A DR SN 7228 (Fig.
6b) . JERN S RRIEER SV L0 Ca EDFHEAIZE
% Ca i &) VIREDTE A FAH T HCL HlH ] 45 0
BINCE S Lz E 2505,

4.1.6. REFERBELIEYFAY

R A W] RE 220 > R % BFA 4% 1T 2% FHRHH
HIZZBWHERE) PR O HBUIEZE TH Do 800T DK
FEREEASIR R DT ARRE) VBRI FEA R L . B U 5E
B CO R M AE7Z HCL ) > B o &G 2sHE L
720 BBV IR HCL Y Y ER O &4 % 1
MERL7-DOD, FEEAMHN) & ERIL AL e LKA
720 TAUTTERETRIE R OFE g E LS B L-L
ZAbN5, 800CDARFER KD XRD 5347 Tl 5
FY— I PHERSNTzD5, KEEAIV Y74 20% (AT
AIKOE—=rHisnsz (Fig. 6a) o ZAUIHIRAD
B (R 1) 12EBDDTHY, 550 CH 0550 i

PIEED. 1027 CTHALI VS ATk b2 (HiE
2013) o
CaCO, — CaO + CO, (1)

F72. 800CTIIN) THRA MDY =3 EE s, &
ME 400CE 600 C TRONIZHED TR L72LEZD
Nbo CaO lIN) T A~ AMEAAR AT HELLHI &L THI
bt (8K & JdE 1981). CaCO; N &V F2 i
FEDUT TR bL 728 2 6N b, IRERIIV T ARA
HEDBENNIFERETRIE Ik OFE 2 =80, XN ZERIE
BAOBATRFRRIZL D2 BIHIL 722 2 6N %,
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ARREY IR EEANE L IRIRIIV D MR A DR ARAS
Roi, AIKOYE—7H37 RIS 5 BEO RV 800T
EMEFRIE DRIV VI WA 0~ 5% B8, B
R T ReZ) R IEEMR B N AT R EL TH 2 TH
%o

4.2. BEEEH ) LAIB/SAF R
4.2.1. KBHY VB, ATHREVCE

FATIRGE CTIE A LI EE EWERR A1) AR A AR
VOBRICHE RS2, FEDOSEN T TIVBROTEL
AMREAESIL e RIFFETIE, SEEEFRIEICHL 5% O
W) 2R G LG R, SBATIIZELRIAR. &R
L THRAKIB) WA HFEN72 (Fig. 8a)o THLIE,
PSSV E ot b e 2R XY, K-P M EAE
HAMRAESIL, ERIED ) V)Y ZTEREDSTE K
SNT2720OEEZ BN, FEIZ 700C e 725 it
JETlE K,HPO, DA AVRIZEN T D, — T KR
TV MREFERRTIE, RACICEDEEAE MO HCL
SRR INL . AKEE) CBRIZRA L7z AU,
B 3 IR SR N A T BASHEAE T B ) S BRIV
TLADREMEIC LD, WAREEY VRIZB VT, 800T
FEfR ) ARG kTR BN o, KH,PO,.
K,HPO,. K;PO, XD i DA, &5\ EH T
D KPO; DI ARG SN D, Fiz, FEEHH TG
BB VRSN 7228700, HERIE 2255521
7% CaKPO, DA KL I REMEEL TE 2 HND,

4.2.2. Vo RREELIEMFI AN

FIEEE e LB LT, 800 CIZBCHERR ) AR
AL HCLHE) iR OE &% A3, NaOH filiit)
YEREKIH CEROF EEBEINSE72 (Fig. 11a),
. XRD OFEH (Fig. 12a) 75, Vo H)rak
f AU RO B B TR BRI AT L 72720728 E 2
bbb, ZORERIZEITHIZEED—F L, 800 CHEMR
) AR RSN ) VIR L COF A RS
%o

—h. IR TR AR AL ERED

BHEREALTRONT, &LAHCH ) Y BROE &
AL 72 (Fig. 11b)o 2L, FEFE R D Ca BN
TCEABNCLY . FEEEA ) A& SUSL T IV RIS
N7 CaKPO, DA LS, AR MY HCL FlT Y 1R
DEEAHEINL 22T D B2, ZD720, KGN
D OWEANIRSIS, HeCIRIEHRIFE R vz
JATIRGR L L B DA R b T o7z0 FEFEFRIE I Tl Fe/
Al &4 &255< NaOH Hll ) Y RO BATATRIZS L
57, FROITE R AR )7 AR A OR)HIC
R 2 DI EHIRBEN T,

4.3. FKIEEER

TV IER SN FEIEFRIE /A R DU 3
pH % F5A-88, ZHIINAF RDIK G35 AL &
FOSL7 VAR S 5720 CThbe — 75, LA
BRI RIIKFEAF 2L 138 pH 2R F &
bo BHRMBOBEHIZ AT RIZED pH AR %
— IS D R B Do FHIIE IR 13 TR
7 H,PO, W3 575, fi# pH (X 6.0 ~ 6.5 Th b,
INAF BARINZES pH LA E, AEAFI L5
CROIREZ A S D BN B Do IRIRIINV T L
JUPRNA F JRAZFRALERNA F fie LRI AR FE D pH Z7R$
A, HEEED) CERAIV L 2 A KD AT R RE) R
REPARTI) V2R T SR DA DD, HIEAT IV
DR BZE T, VA BROFIH T BRI MK T 35, BE
R A7) DAILER S A T BV ARIE M D ) S R ) T L%
AR L. AEP AR > & B NS AT RE D B Ao
S RWEEOBE L pH IR T2/, TTHERE) R
NS, FP AT A RIRIC ) EXE 5, 5
IR AT RIS pH LR AR I XD FE 3 & fH
FTHIENEZONS,

FERR 777 ZALER D FEREFR I J \ 3K TSR > Bk % 1
mEE, a~+0) AR LBEE [FIFEEE A
SETH ERPIPUTRIEH AL 72, Ll N
Ba Pt i3 22 TERWIPUIAL LR L M &L 220,
axyFOAEFEOOEL, EYEHEThHLIV YT
REACBWTIIN BRI EEZTHY), K HEERIIN
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sz

5. ¥R

BESEW) HR JERE A JR TR/ V7 ZALER LY VT 8
AL S, FEREFRE O 800 CALHEL /N A 4 i Tl Ca
FEEVHDEEIML72AY, SR EE TG RE) > FRIZIR
BTz — . BERRA ™ ZALEL ] FRREY) o B B I
S, FRICFEEEFRE O 800 CALERL NA A i TR Y
CERASEEE I 720

BEFEBR T, A RIRINCES pH _ESA-25H )
RO ANRELRFHE RG2S RERIIV 7 LALE]
AT IRTIE)  DEEEALDSIRIE ST DS, BERR) ™Y
LALFRNAF j Tl RN R AR S, N JEE
OB TZDORM BN EELEA RONT KBS
Wy ZALENE 800TC. 0 ~ 5% A TRERNIE) > KL
WEfE /)7 2LERIL 800C, 5% A CRIZh M) > JE Ak}
ELTOF AR N S,

HEE

ARBFIEIL 0 TR TG EA B F A e o —
ETHY, WGBS RFPBIOEEE W IR T K E R
JeipEAtt s —DORFRE IS, WFZEEURBRAL - 42
ik, FEEGTIAHEGHIEL G 7z
7PEFEL7o NEFHORIEEE Y JOWFZE SRR
AT 272 F Lz BRSHALEHEL FIFET,
KW FE 1k, — &6 IST / JICA i & @ SATREPS-
EARTH 70> 7k (JPMISA2005) OB 41285
TEBESNFLA-ZEIEHHL EFES,
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Abstract Conventional biological nitrogen removal processes from nitrogen-rich wastewa-
ters, such as those derived from livestock operations or semiconductor manufacturing, are ener-
gy-intensive due to the requirement for mechanical aeration during the nitrification process. In
recent years, microalgae and nitrifying bacteria consortia have been explored as a sustainable
alternative to supply oxygen by microalgae via photosynthesis, thus potentially eliminating the
need for mechanical aeration. Among various approaches, photogranules have gained increasing
attention for their high treatment efficiency. However, natural photogranule formation requires
a prolonged incubation periods ranging from several weeks to months, limiting their practical
application. To address this limitation, we developed a photogranule-mimetic microalgae—nitri-
fying bacteria capsule using a rapid, reverse-dropping method. The capsule was constructed in
a core—shell configuration where the liquid core contained nitrifying sludge (3.0 g-SS L), and
the alginate-based shell (0.5 wt% sodium alginate) immobilized the green microalga Chlorella
sorokiniana (1.0 g-SS L™"). The capsules were formed by extruding the core suspension con-
taining calcium chloride as a cross-linking agent into the shell solution containing alginate, and
shell formation was monitored over various cross-linking durations (5-30 min). Shell thickness
increased almost linearly with time, reaching 1.8 mm at 30 min. A cross-linking time of 15 min
yielded a shell-to-core volume ratio of approximately 2.0, enabling precise control of biomass
distribution and achieving target concentrations in the photobioreactor (0.3 g-SS L™ nitrifiers,
0.1 g-SS L' microalgae) using 2153 capsules per liter. Batch experiments were conducted under
white LED illumination (200 zmol photons m” s, 12 h light/12 h dark cycles) at pH 7.0 without
mechanical aeration. Over a 7-day period, the capsules removed 80.4% of the initial 40 mg-N
L' ammonium, and complete nitrification was observed within the first 72 hrs. The ammonium

removal rate reached 1.0 mg-N mg-TSS™ h”', significantly exceeding that of conventional co-im-
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mobilized hydrogel systems (0.43 mg-N mg-TSS" h™"). This enhanced performance was attribut-
ed to the improved mass transfer properties of the thin alginate shell and the efficient oxygen
diffusion from microalgal photosynthesis into the capsule core. Compared to traditional pho-
togranules, the proposed encapsulation approach offers several advantages: (1) rapid fabrication
within minutes compared to biological photogranules synthesis, (2) spatial control over microbi-
al distribution, and (3) elimination of energy-intensive aeration. However, some limitations were
also observed. Capsule mechanical integrity decreased over time due to calcium ion leaching
and shear stress during operation, suggesting the need for future optimization of encapsulation
materials to enhance durability. Nonetheless, this study demonstrates the feasibility of using
engineered core—shell capsules to mimic the functionality of natural photogranules, thereby

providing a scalable and energy-efficient platform for high-rate, light-driven biological nitrogen

removal in wastewater treatment.

Keywords: core-shell capsule, granule sludge, microalgae, nitrifying bacteria

1. #&

K W R DPER R BB E TR SN S
Kid, BEXLZEBICEATE), INSHIE— A
PR L g2 i C Ko T B S S, Zh TOAN AL
Tt AIIL EOBERIANFT -2 LB T LD
5, BRI AINF —OHIEA 5t 1] Be /K LB Z B\
TREART R CTHD, TOFRFELT, S, BRI
B S ol R SH O PR R AR | B S 2. [ il 35
- LR IR ] 2NEESN TS, SR EH LAY
LRz —)7 28— IZIAFESEHIET, S0
I AVF = XD LB 0 A B S o R 35 it
DI EE 50 SHIT, TR MG SR FE T
TEALL . ol b B R 2 DAL #AE T, LEL
72 pH ZAEFFT H2EATTES (Vo et al. 2024) . 2Dk
fFRICEDE LB AR E L7 [T48F=2—)iF
& (MBGS : microalgal-bacterial granular sludge) | @
HADBILC5 (Fan et al. 2021) 0 74NF=2—
W, 7I=a— (&KL FHiOHOHICIERE R B
RAEDHL, RO MY, 4t
KHDCE A E L 7SR LD, Ul
D, REZBWTOLEREITV, ARShzikFZE

W TZa— VBRI CRiL. HaHrnsze
SUTHEE72S (Jiang et al. 2022) o L2722, 7487
7= 2= VOB IT GBI 7GRS T =2 —
WHRDPOKESE Ll TG FEDD
5.t 22 H~ 4 7 AHEVHRWIEKEEH 232 TH D
(Ahmad et al. 2017, Meng et al. 2019) . ZiILHDFRE
IR D720, A 52 AL A B A DR R
HIETT 22 74875 — 2 — VB L 7B AR R SRl
LTHETHELEEZONS,

— e B Ze PR A W L SE AL I, AR T eV
FREDDDH, WIGFIE T TR R AL,
ZOFFE BT HIE TMAW A EIESNZ7VIRIA
o ENG, 2, HEIEG THL— ., #£
T 25 H R E COILEHRPUATREL, Fie il
EOREE DAL M A E B 28
T&%\V, — T A7 VETIE, ALAZIHROE
RERLl, W (a7) A7 (o) TR
ENbe ZDO70, WHEHEIVL IV N v s AL DIk
HAEHIAY NS, A O 5 A% IR R & 7 R VS
FRCNERNI ARSI LIEINTEL, LI2>T, 74
NG Za—= VDI T T =2 — VIS FE A LA
=2 FE ORI, AT VDTV HE
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#2515 Bea HIE T LIVEEIZXOER S HEAGL (PN)
LBESET B =T ARl (ANAMMOX: anaerobic
ammonium oxidation) % 1 &7t )VIZ[EHE L 72 H B
M REEERBE LT TV VI T Ve Rl FEL
720 BAFHEELTRIEZ LT Va—)L (PVA) &7
WX VEEFNIY L (SA) ZHWT, I7RIVEIZT
=THELAE (AOB: ammonia oxidizing bacteria) .
T ERZ ANAMMOX D 5EbZ it A, i I BRI B\
THRK 80.4% D\ EHRKRFE 2Rz (Bae et al.
2017)0 F7z. WA TV BEOI T 2 VES T
LIZEEALTHIET, BEZ0.5 d' OILHEHHE,
67.3% DT Y E=TBrEFELRLUIMIEA MG I TY
% (Tran et al. 2024)c OO X, FHILE M
BHrENERaT Y VR TR VICEEIEL . HEK
SPGB ZEI S S TR B A5, T B - Al
LA R TERLBIEE 20,

ZIT RWFFETIE, 74N T =a— Vs /-0
T2 VEIT T RV O BAFEIZINT T I TSR AL
717"t VIS B e [ A L L 7 Bl - Al AL TR
IR T VERET S (Fig. 1)o I7RIVETIIM
HEEHE DS E ELSN TV Az, A7 VR THE
AVEL, BRFEZIEDOWNIIANILELT 50 T TEBIZIRFE
ENTVLILE L, RSN R E Wiz
1o AT RVIERANPER S 50 $72 TYEZT130
TRVNEBORE LIS LD L2 T, BRI

Photosynthesis

NO,

Nitrifying

bacteria

NH,*

Fig 1. Expected nitrification process in the
microalgae-nitrifying bacteria consortium
capsule.

Lo TR AENL 20, K)RHELT V=T BRI
Wifrsh b, ZOAT VAR RBE AU, AR
AR BR SR HIV 9, JHRE [ O BT fE A ok
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FeDHIAE O - AL AR Rl 7 VR B SE L
ZOEFRFMERETMT 2L L7z, £7. 77t
VB OMERAT 74, BRA - LIRE T To
[ 43 FE Bk St 72o

2. MR EAE

2.1. RS - HILARFERI 7L ORRE LT
RisksR DR

WANEEREIZIE Chlorella sorokiniana (NIES 2173) % .
FEALT I3 T AL G R B R L oy — D Atk
AL RE L 720 Bl - AL AR R 7
IV Fig. 2 (IR L7230 TR Lo TRREL 720 97
HTENOIATHEEL T, 3.0 g-SS L 5L H R il 2.
KA LT 8.0 wt% OFRIE=LETRY (PVP) B
LU, ZUEHIELT 3.0 wt% ALV T 2R EIR S
720 Vi, 1.0 g-SS L B A SR B L
FEALM B O T IVF VBRI N7 24 (SA: sodium alginate)
(80~120 cP) % 0.5 wt% HIFSHE 72, TR/ TR
IV T3 A28 OB - LR IR
AT RNVEAERL7ze I TIE 100 mL min" OFf 1 #
FE TP 0.46 mm @D RV L, 3 )V 10

Nozzle
1.D.: 0.46 mm

Pumping speed: 100 mL min-!

i >

_________

3.0 g-SS L Nitrifying bacteria
8.0 wt% Polyvinylpyrrolidone (PVP)
3.0 wt% Calcium chloride

)
10 cm
@
1.0 g-SS L' Microalgae
0.5 wt% sodium alginate
(©)
@ ©
[—

Fig 2. Preparation of microalgae-nitrifying
bacteria consortium capsules.
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cm DI EENSE F L7z i Mk, 2B % S, 10,
15,30 7L C. FNFNOFEEBLNTT -2V D
KRG L2 ML 720

2.2. XBEERAE

2.1 OFEBKERID, mELREERRZ 15080,
IR DA TRV BT B o TR RS - A b 3
RN T VAL, 2 FE 1000 mL D77 2312
NIHEK (24 gL' (NH,),S0,, 1.9 ¢ L' NH,CI, 2.8 g
L' KH,PO,, 2.0 g L' MgS0,, 2.0 g L' NaCl, 10.0 g L"
NaHCO,, 1.28 g L CaCl, - 2H,0) ##7 =7k
J& 40 mg-N L' 1259 A ML CTEHL7z. V7275 —
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Abstract Water hyacinth, a high-strength lignocellulosic macrophyte, poses a serious ecolog-
ical threat by disrupting aquatic ecosystems and hindering water transport. The juice extracted
from water hyacinth, commonly known as water hyacinth juice, is particularly rich in soluble or-
ganic compounds and has been demonstrated to enhance hydrolysis and acidogenesis rates when
used as a substrate in high-rate anaerobic digestion using up-flow anaerobic sludge blanket reac-
tors. The performance of up-flow anaerobic sludge blanket reactors relies heavily on the forma-
tion and maintenance of granules. However, a major challenge in the practical implementation
of up-flow anaerobic sludge blanket reactors lies in optimizing the operational conditions like
hydraulic retention time (HRT), that balance process kinetics, microbial retention, and system
stability. Shortening the HRT can improve volumetric biogas production rates and reduce reactor
footprint by utilizing more substrate volume, but it can also disrupt microbial stratification lead-
ing to biomass washout and process instability. The use of pre-aggregated anaerobic digestion
granules, rich in mature methanogens, has been suggested as a viable strategy to mitigate wash-
out under high loading conditions. This study investigated the effectiveness of up-flow anaerobic
sludge blanket reactors for high-rate anaerobic digestion of water hyacinth juice at shortened
HRTs, using pre-aggregated anaerobic digestion granular sludge as inoculum. The experiments
were conducted in a 430 mL up-flow anaerobic sludge blanket reactors operating for 107 days, at
four different HRTs, (2, 1.5, 1.0, and 0.5 days). Despite the high suspended solids concentration
of water hyacinth juice (3.3 + 0.7 g L") and increasing organic loading rates at shorter HRTS, the
reactor maintained consistent stability and performance. The total organic carbon removal effi-
ciencies ranged from 35.3% at the shortest HRT of 0.5 days to 82.1% at HRT = 1.5 days, indicat-
ing effective substrate degradation across varying loading conditions. The suspended solids and

volatile suspended solids removal efficiencies were 56.9 = 14.1% and 74.9 = 7.0%, respectively,
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recorded at HRT = 1.0 day. These results highlight the reactor's ability to retain and degrade par-
ticulate matter despite short retention times. The Biogas production rates increased significantly
with decreasing HRTs, from 201.1 = 37.4 mL d' at HRT = 2 days to a peak of 903.8 * 307.2 mL
d"' at HRT = 0.5 days, with methane content consistently above 79%. The maximum SS remov-
al of 56.9 = 14.1% was achieved at HRT = 1 while the highest biogas production rate (903.8 %
307.2 mL d"') was achieved at HRT = 0.5 days. This study demonstrates that the up-flow anaer-
obic sludge blanket reactors inoculated with pre-aggregated anaerobic digestion granular sludge
can effectively treat high-strength lignocellulosic substrates such as water hyacinth juice under
high loading conditions. Even at extremely short HRTs, the system maintained stable removal
efficiency and robust biogas production, showcasing its potential for efficient valorization of in-
vasive aquatic biomass. These findings support the deployment of the up-flow anaerobic sludge
blanket reactor as a viable technology for the dual purpose of environmental management and

renewable energy generation, particularly in regions plagued by water hyacinth overgrowth.

Keywords: UASB reactor, hydraulic retention time, anaerobic digestion, granular sludge, biogas

production rate, organic loading rate

1. Introduction

In the pursuit of sustainable energy solutions,
anaerobic digestion (AD) has emerged as a robust
and environmentally friendly biotechnology for the
stabilization of organic waste while also producing biogas,
primarily methane (Appels et al. 2008, Weiland 2010).
Among the variety of biomass resources investigated
for anaerobic digestion (AD), aquatic macrophytes
particularly water hyacinth (WH), (Eichhornia crassipes)
have garnered significant attention due to their rapid
growth, high photosynthetic efficiency, and ability to
absorb excess nutrients and heavy metals from water
bodies (Gunnarsson & Petersen 2007, Malik 2007, Kitaka
et al. 2022). WH has infested over 100 countries, making
it one of the world's most destructive and aggressively
reproductive aquatic weeds. Notably, it is estimated that
just 10 plants can produce over 600,000 offspring in a
single growing season (Lahon et al. 2023), highlighting

their extraordinary proliferation potential.

While water hyacinth (WH) poses a serious ecological
threat by disrupting aquatic ecosystems and hindering
water transport (Bhatia et al. 2025), its removal and
subsequent valorization through AD presents a promising
strategy for biomass management and renewable energy
recovery (Nigam 2002, Kashyap et al. 2003). Although
WH is a high-strength lignocellulosic macrophyte, it
also contains a significant proportion of biodegradable
components such as cellulose, hemicellulose, and soluble
sugars, making it a suitable substrate for AD (Kushwaha
et al. 2020). The juice extracted from WH, commonly
known as WH juice (WH]J) is particularly rich in soluble
organic compounds and has been demonstrated to enhance
hydrolysis and acidogenesis rates when used as a substrate
in high-rate anaerobic digestion (Singh et al. 2023,
Bhatia et al. 2025). However, its effective bioconversion
depends largely on reactor configuration and operational
parameters, among which hydraulic retention time (HRT)
plays a pivotal role (Bhatia et al. 2025).

The up-flow Anaerobic Sludge Blanket (UASB) reactor,
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originally developed by Lettinga et al. (1970), represents
a landmark innovation in anaerobic treatment technology.
The UASB system is characterized by the development
and accumulation of dense microbial granules that
settle well and support high biomass retention, thereby
allowing for elevated organic loading rates and shorter
HRTSs (van Lier et al. 2001, Hulshoff Pol et al. 2004).
The performance of UASB reactors relies heavily on the
formation and maintenance of these anaerobic granules,
which are complex consortia of microbial communities
embedded in a matrix of extracellular polymeric
substances (EPS) (Barros et al. 2007, Fang et al. 2011).
These granules facilitate efficient syntrophic interactions
between acidogens, acetogens, and methanogens,
promoting process stability and biogas yield (Fang et al.
2011).

A major challenge in the practical implementation
of UASB reactors lies in optimizing the operational
conditions that balance process kinetics, microbial
retention, and system stability. HRT, defined as the
average time the substrate remains in the reactor,
directly influences the washout rate of slow-growing
methanogenic archaea and the contact time between
substrate and biomass (Seghezzo et al. 1998). Shortening
HRT can improve volumetric biogas production rates
and reduce reactor footprint by utilizing more substrate
volume, but it can also disrupt microbial stratification and
granule integrity, leading to biomass washout and process
instability (Lettinga 1995, Liu & Tay 2004).

Previous studies have shown that operating UASB
reactors at shorter HRTs can yield promising results
when conditions are carefully managed. For instance,
Jiraprasertwong et al. (2020) demonstrated that a three-
stage UASB reactor treating ethanol wastewater achieved
high methanogenic activity and stable performance at
low HRTs due to the presence of mature granular sludge.

Similarly, Sarti et al. (2017) highlighted that granule

characteristics such as size, density, and EPS composition
significantly determine the system'’s ability to withstand
hydraulic and organic shocks. The use of pre-aggregated
AD granules, rich in mature methanogens, has been
suggested as a viable strategy to mitigate washout under
high loading conditions (Hulshoff et al. 2004).

Despite these advances, the literature still lacks
systematic investigations into the performance of UASB
reactors inoculated with pre-aggregated granular sludge
and operated at reduced HRTs using lignocellulosic-rich
feedstocks such as WHJ. While several researchers have
studied the effect of pretreatment techniques on WH to
improve biodegradability (Hendriks & Zeeman 2009,
Kushwaha et al. 2020), there are limited studies on how
such substrates interact with granular sludge under short
retention times.

This study builds on previous own findings by
evaluating the effect of short HRTs (ranging from 0.5
to 2 days) on the performance of a lab-scale UASB
reactor fed with WHJ and inoculated with pre-aggregated
AD granular sludge. The objective is to elucidate the
relationship between shortened HRT, organic matter
removal, and biogas productivity under high OLRs. In
doing so, this research aims to provide deeper insight into
the operational thresholds of UASB systems for high-rate

treatment of plant-based substrates.

2. Materials and Methods

2.1. Substrate and inoculum preparation

WH plants were harvested from a pond in Suijo
Park, Saitama, Japan (same sampling site reported in
our previous study (Bhatia et al. 2025)). The whole
plant (including leaves, stem and roots) was then
shredded and compressed using a milling machine
(RSC-3500, R-ing Co. Ltd., Japan) and a screw
dewatering machine (Dash-1, R-ing Co. Ltd., Japan),
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respectively to obtain the WHJ. WHIJ was then
filtered through a 106 um mesh; thereafter, the juice
was stored at 4 °C and used as a substrate for AD.
Bhatia et al. (2025) reported the chemical parameters

and the ions concentration of WHJ as shown in

Table 1. In this study, the pre-aggregated anaerobic

digestion granular sludge obtained from our previous
study on UASB treating WHIJ (Bhatia et al. 2025)
was used as an inoculum. The sludge was then stored
in a temperature-controlled room at 37 °C for a few
days to remove residual organic compounds from the

sludge.

Table 1. The chemical composition of WHJ reported in our previous study (Bhatia et al. 2025). The
harvested site was the same with the current study, but the harvesting season differed.

Parameters Measurements

pH 5.0+0.7
Suspended solids (SS) 6.1£2.0
Volatile suspended solids (VSS) 43+1.5
Chemical oxygen demand (COD) 10616.9 + 2068.8

Total organic carbon (TOC)

4210.5 + 1467.7

2.2. Reactor set up and operation

Total nitrogen (TN) 512.8+ 156.1
Dissolved organic carbon (DOC) 1411.4 £ 220.3
Dissolved nitrogen (DN) 103.6 +44.4
All parameters were measured in mg L except pH.
— oo |

A 430-mL lab-scale UASB reactor was used in this
study. Fig. 1 shows the schematic representation of a
UASB reactor used for WHJ treatment. Primarily 430
mL of inoculum was introduced into the reactor. The
substrate was then fed continuously into the reactor's
bottom inlet throughout the HRT of 2.0 to 0.5 days
(Table 2). The substrate was then diffused into the
reactor using inert alumina beads (diameter =10 mm)
for homogeneous supply. The resulting effluent passed
through a U-shaped pipe attached to the reactor's
upper part before proceeding to an effluent (digestate)
storage tank (Fig. 1). On day 53, the sampling point

was changed from 1 to 2 (Fig. 2a) to avoid significant

— Influent

Fig 1. Schematic representation of a UASB
reactor used for WHJ treatment. Influent
flows upward through a sludge blanket, pro-
ducing biogas and treated effluent through
microbial degradation.
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SS accumulation in sampling point 1, as at point 2,
the SS concentration was comparable to the SS in
the reactor (Fig. 2b). The volume of biogas produced

was determined using a wet gas meter (W-NK-0.5B,

Shinagawa, Japan) and kept in a 5 L aluminum gas bag
(GL Science, Japan). The reactor operated at 37 = 1° C

in a temperature-controlled laboratory for 107 days.

Table 2. Loading parameters during each phase of anaerobic digestion.

Phase Period (day) Assuming Actual HRT Average OLR (g-
HRT (day) (day) TOC L 1d™?)
Phase 1 0-16 2.0 21+04 1.1+0.1
Phase2  17-70 15 1.6+0.3 1.3+0.2
Phase3 71-86 1.0 1.0+01 21+04
Phase 4  87-107 0.5 0.5+04 3.2+0.1

HRT: Hydraulic retention time; TOC: Total organic carbon; OLR: Organic loading rate.
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Fig 2. Actual representation of a UASB sys-
tem used for WHJ treatment in this study (a),
and SS and VSS concentration measured at
different sampling points (b). The sampling
point was shifted from point 1 to 2 on day 51.

2.3. Analytical methods

The pH, suspended solids (SS), volatile suspended
solids (VSS), total organic carbon (TOC) and total
nitrogen (TN) of the substrate and effluent were
measured during the experimental period. The pH was
measured with a pH meter (SevenCompact pH/Ion
meter, 5220, Mettler Toledo, Japan), and TSS, VSS, and
TS, were determined by the standard methods of the
American Public Health Association (Bhatia et al. 2025).
TOC and TN were measured using a TOC analyzer
equipped with nitrogen measurement (TOC-L CPH/CPN,
TNM-L, Shimadzu, Japan). The biogas composition
in the aluminum gas bag was measured using a gas
chromatograph (GC-14B, Shimadzu, Japan) equipped
with a packed column (Micropacked-ST, Shimadzu,
Japan) and a thermal conductivity detector. The injector
and detector temperatures were maintained at 100° C and
200° C, respectively. Argon was used as the carrier gas at

a flow rate of 10 mL min™.
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3. Results and Discussion

3.1. Reactor performance

The WHI used in this study had the same sampling
site as WHI reported in our previous study (Bhatia et
al. 2025) although the harvesting season differed (Table
1). The pH of WHIJ used in previous studies varied
depending on the plant’s habitat or growing conditions,
with ground-type WHIJ having a pH of 4.02 and floating-
type WHIJ ranging from 7.0 to 7.5 (Liu et al. 2021,
Maruyama et al. 2023). In this study, floating-type WH
was used, and its juice exhibited an average pH of 5.9 =
0.8 throughout the experimental period. Notably, despite
fluctuations in influent pH within the range of 5.1 to 7.5,
no significant impact was observed on the effluent pH,
which remained within the neutral to mild alkaline range
(7.3 to 8.8) as shown in Fig. 3. The average effluent pH
was 7.7 £ 0.2 and the pH at HRTs 2, 1.5, 1 and 0.5 were
7.9%0.3,8.0*0.4,7.7*0.3, and 8.0 = 0.4, respectively.
Recent studies have identified that the pH regime for
methanogenic bacteria falls within the range of 7.2 to 8.8
(Antwi et al. 2017). Despite the fluctuations in HRT and

OLR, the effluent pH remained within the optimal range.

-O-Substrate -A—Effluent
HRT=2 HRT=1.5 HRT=1 HRT=0.5
10 7 * L i~ >
8 .
T 6
4 .
2 T T T T T 1

0 18 36 54 72 90 108
Operation time (day)

Fig 3. pH variation within the timeline of an-
aerobic digestion treatment process

The observed pH stability suggests that the AD process
in this study demonstrated strong operational resilience,
maintaining consistent performance even under high
OLR (HRT 0.5). However, variations in substrate pH
may still influence other operational parameters of the
UASB system (Bhatia et al. 2025).

The effective removal of SS and VSS is essential
for the optimal operation of a UASB reactor, as it
minimizes the risk of clogging, floating and washout
of active biomass (Mohan et al. 2022). As mentioned
in the materials and methods section, the sampling
point for effluent SS and VSS was shifted from point
1 to 2 (Fig. 2a) on day 51 due to high accumulation of
SS observed in point 1 (Fig. 2b). The accumulation of
SS and VSS in point 1 could be attributed to the small
diameter of the U-tube. Therefore, the effluent SS and
VSS measurements were considered for comparison
after day 51. Fig. 4 depicts the timeline of SS and VSS
throughout the operational period. The average SS
concentration of the influent and effluent was 3.3 =+
0.7gL"and 1.8 £ 0.8 g L, respectively (Fig. 4a). The
average VSS concentration of influent and effluent was
21+05gL"and 0.8 0.6 g L, respectively (Fig. 4b).
Previous studies have shown that UASB reactors are
typically designed for the treatment of liquid substrates,
such as industrial and municipal wastewaters, which
generally fall within an SS concentration range of 0.17
to 1.80 g L' (Turkdogan-Aydinol et al. 2011). In contrast,
WHIJ used in this study exhibited significantly higher
SS concentrations, with influent values ranging from 1.4
to 5.2 g L. Despite this high SS load, even under low
HRT of 0.5, the reactor achieved an average SS and VSS
removal efficiency of 51.6 * 18.6% and 67.8 * 21.8%,
respectively, over the operational period. This level of
performance reflects the reactor’s strong resilience and
capacity to operate effectively under high solids loading

conditions. The react SS and VSS removal rate at HRT
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1.5, 1 and 0.5 was 553 £ 19.2 and 74.0 * 18.2, 569 =
14.1and 749 £ 7.0, and 383 = 17.7 and 51.4 = 25.1,
respectively (Table 3). The lower SS and VSS removal
rates observed at HRT 0.5 might be attributed not only to
excessive organic and solids loading, but also to reduced
biomass-substrate contact time, hydraulic overloading
that hindered solid retention, increased turbulence
leading to resuspension of settled solids (Liu et al. 2008,
Rajagopal et al. 2013).

Notably, there was no sludge floating observed in this
study even at high OLR load (HRT 0.5) as reported in
previous studies (Liu et al. 2020, Jeganathan et al. 2006).
This might be due to the compact and porous structure

of granules (from granular sludge) which allows them to
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Fig 4. Timeline of anaerobic digestion pro-
cess performance. (a) SS and its removal
variation and, (b) VSS and its removal varia-
tions.

trap suspended particles as the influent passes through
the sludge bed (Lettinga et al. 1980).

TOC and TN are critical indicators of the organic
and nitrogenous load of the substrate, and their removal
efficiency reflects the reactor’s capacity for simultaneous
carbon and nitrogen stabilization (Tchobanoglous
et al. 2003). The TOC and TN concentrations in the
influent and effluent exhibited similar trends as shown
in Fig. 5a and 5b, respectively. The average TOC and
TN concentrations of influent were 2060.2 * 160.2 mg
L' and 150 *0.7 mg L, respectively. Conversely,
the TOC and TN concentration in the effluent was
higher than the influent from day 2 to day 51, with an

average concentration of 2187.4 £ 2651.5 mg L' and
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Fig 5. Timeline of anaerobic digestion pro-
cess performance. (@) TOC concentration (b)
TN concentration.
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533.5 *383.0 mg L, respectively. The high effluent
concentration of TOC is attributed to the excess
accumulation of SS at sampling point 1 (Fig. 2a). After
the sampling point shifted to point 2, there was a notable
reduction in effluent TOC and TN concentrations
observed (1528.9 *+ 1833.5 mg L™ and 424.9 + 260.2 mg
L, respectively). This shift highlights the importance
of accurate sampling location in evaluating reactor
performance, as emphasized by Latif et al. (2011),
who noted that sedimentation dynamics in UASB
reactors could substantially influence effluent quality
measurements. In general, the TOC concentration in
the effluent fluctuated (day 2 to day 51) and increased
as the HRT decreased. However, the TOC removal
efficiency remained relatively high after the sampling
point was shifted to point 2, ranging from 35.3% at HRT
= 0.5 days to 82.1% at HRT = 1.5 days, demonstrating
the system’s capacity to manage higher OLR (lower
HRT). Findings from Liu et al. (2020) and Lettinga et
al. (1980), highlighted that HRT lower than 2days can
hinder complete biodegradation due to limited retention
and microbial uptake time, as well as the potential
washout of slow-growing microbes such as methanogens.
Interestingly, the UASB reactor reported in the present
study-maintained system stability even at HRT=1. Show
et al. (2012) reported that Granular sludge has a high
microbial density and excellent settling properties, which
enhance the retention of active biomass even under
conditions of high OLR. The system's stability, even at
high OLR, highlights the effectiveness of granular sludge
in enhancing organic and nitrogenous matter degradation
in high-strength substrates.

The evaluation of biogas yield and biogas production
rate is widely regarded as a key indicator of methano-
genic microbial activity and overall reactor performance
during anaerobic digestion (Angelidaki et al. 2011). The

biogas yield fluctuated throughout the AD process, with

a slight increase observed as HRT increases (Fig. 6).
As shown in Fig. 6, the average biogas production rate
increased significantly by decreasing HRT, from 201.1
+ 374 mL d-1 at HRT = 2 t0 903.8 +307.2mL d" at
HRT = 0.5. This trend is consistent with the findings of
Liu et al. (2020), who investigated the long-term en-
ergy efficiency and microbial community dynamics of
various reactors under increased WHJ loadings. They
reported that higher OLR, resulting from shorter HRT,
can stimulate microbial activity, particularly among hy-
drolytic and acidogenic communities, thereby enhancing
the volumetric biogas production. Interestingly, while
the biogas production rate varied significantly across
different HRTs, the biogas yield remained relatively sta-
ble, ranging from 0.8 * 0.2 L L-substrate” to 1.2 + 0.2 L
L-substrate-1. In addition, the average methane content
was above 80%. These results suggest that substrate
conversion efficiency was largely maintained across the
different HRTSs, highlighting the robustness of the meth-
anogenic community and the stability of the granular
sludge (Van Lier et al. 2001, Show et al. 2012). Granular
sludge has high microbial density and excellent settling
properties which enhance the retention of active biomass

under dynamic loading conditions (Tay et al. 2001). This
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could explain the system's ability to perform well even
at reduced HRTs. The reactor performance at HRT = 0.5
days is particularly noteworthy. Although short HRTs are
often associated with washout risks and reduced contact
time between microbes and substrates (Lettinga et al.
1980), the system in this study maintained a relatively
high biogas production rate (903.8 *+ 307.2 mL d") and
biogas yield (1.0 * 0.2 L L-substrate™). In this study,
the retention of high biogas production despite an HRT
of only 0.5 days suggests that the granular sludge used
provided sufficient surface area and structural integrity
to immobilize active biomass, enhancing microbial-
substrate interactions even under rapid flow conditions

(Show et al. 2010). However, a drop in biogas production

followed by an increase in pH between days 102 and

107 likely indicates a transient disturbance in reactor
performance such as microbial stress under high OLR
(HRT=0.5 day). Overall, the reactor demonstrated
notable robustness and flexibility, confirming that
granular sludge is effective for treating high-rate AD
of WHI even at reduced HRT of 0.5. The ability of the
UASB system to maintain process stability and treatment
efficiency at HRT=0.5 days attracts further investigation,
particularly examining microbial dynamics at different
HRTs, granular integrity at long-term operation and a
comprehensive carbon mass balance. Such integrated
biological approaches would significantly advance our
understanding of the fundamental processes governing
high-rate anaerobic treatment systems and facilitate their

optimization for aquatic biomass utilization.

Table 3. The UASB reactor performance at different HRTs.

Indicators HRT= 2 HRT=1.5 HRT=1 HRT=0.5 Overall

SS (%) - 55.3+ 19.2 56.9+ 14.1 383+ 17.7 51.6+ 18.6
VSS (%) . 74.0+* 18.2 749+ 07.0 514+ 251 67.8* 21.8
BPR (mLd?%) 201.1+37.4 193.0+74.4 511.4+92.3 903.8+307.2 413.7+331.9
BY (L L) 1.0+£0.2 0.8+0.2 1.2+0.2 1.0+0.2 1.0+0.3

SS: Suspended solids; VSS: Volatile suspended solids; BPR: Biogas production rate; BY: Biogas
yield; L L*: Liter per liter substrate (L L-substrate).

4. Conclusion

This study confirms the feasibility and resilience
of UASB reactors inoculated with pre-aggregated AD
granular sludge for high-rate AD of WHIJ at short HRTs.
Despite the high OLR (1.1 £0.1- 3.2 £ 0.1 g¢-TOC L''d
", findings from this study revealed that even at an HRT
as low as 0.5, the UASB system maintained process
stability and treatment efficiency. The reactor achieved
consistent TOC removal ranging from 35.3% (at HRT
= 0.5 days) to 82.1% (at HRT = 1.5 days), while SS and
VSS removal reached up to 56.9 * 14.1% and 74.9 *

7.0%, respectively. Across all HRTs, the methane con-
tent surpassed 79%. In this study, HRT=1 gives a maxi-
mum SS and VSS removal of 56.9 * 14.1% and 74.9 *
7.0%, respectively while HRT=0.5 yields a maximum
biogas production of 903.8 * 307.2 mL d". The use of
pre-aggregated AD granular sludge effectively mitigated
common issues such as biomass washout and reactor
instability under short HRTs. However, it is important to
develop new methods to facilitate high removal efficien-
cy of SS at high OLR (HRT=0.5). These findings sup-
port the advancement of compact, efficient, and scalable

anaerobic digestion technologies for biomass valoriza-
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tion and renewable energy generation.
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Abstract This study employs three-dimensional Computational Fluid Dynamics (CFD) simu-
lations to evaluate the influence of impeller rotational speed on sludge velocity distribution, dead
zone formation, and overall mixing behavior in a Double Helical Ribbon Impeller (DHRI) reac-
tor. The investigation also explores the scale-up implications of DHRI configuration from lab-
oratory to pilot scale (scale up). CFD simulations were performed using ANSYS Fluent 22R2,
where the continuity and Navier-Stokes equations were solved using the finite volume method.
A single-phase, non-Newtonian rheological model was applied to simulate high-solid anaerobic
digestion sludge with a total solid concentration of 12%. Simulations were conducted for both
a 10 L lab-scale reactor and a scaled-up (270 L) reactor at impeller speeds of 50, 100, and 150
rpm. The results indicate that increasing impeller rotational speed significantly enhances sludge
distribution, leading to improved mixing efficiency and reduced formation of dead zones. At 50
rpm, 15% of the reactor volume remained poorly mixed, especially in the conical bottom zone.
This was significantly reduced to less than 2% at 150 rpm. However, the most effective balance
between mixing performance, shear stress, and energy consumption could be considered at 100
rpm. Beyond this threshold, further increasing the rotating speed of the impeller will have al-
most no effect on mixing performance but rather necessitates share stress and more energy con-
sumption. The scale-up simulations demonstrated that the hydrodynamic mixing characteristics
observed in the laboratory-scale DHRI reactor were largely preserved in the scale up (270 L)
reactor. This consistency in flow dynamics across scales can be attributed to the application of
geometric similarity and consistent sludge rheology, which might ensure comparable Reynolds
numbers between the two configurations. These findings suggest that, unlike many conventional
impeller systems which suffer from performance degradation upon scale-up, the DHRI reactor
retains its superior mixing capability even at larger volumes. Moreover, the DHRI configuration

showed clear advantages over conventional impeller designs reported in previous literature, par-
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ticularly in handling high-solids substrates such as chicken manure slurry. Its unique geometry
might had promoted strong axial and radial flow components, ensuring uniform sludge distribu-
tion throughout the reactor volume, indicating the tendency to minimize sedimentation or scum
layer formation. This performance is crucial for enhancing mass transfer, maintaining microbial
activity, and supporting stable and efficient biogas production in high-solids anaerobic digestion
systems. Overall, this study contributes to the understanding of fluid flow and mixing dynam-
ics in DHRI reactor, offering fundamental insights and practical design guidelines for effective
scale-up. It underscores the importance of optimizing impeller speed not only for improved mix-
ing but also for minimizing energy use and mechanical stress. The results affirm that DHRI re-
actor is a promising design for high-solids anaerobic digestion applications and presents a scal-
able mixing solution for industrial bioreactor configurations. Future research should incorporate
experimental validation and extend investigations to assess the impact of mixing on microbial

kinetics and methane yield under varying operational conditions like rpm.

Keywords: computational fluid dynamics, double helical ribbon impeller, high-solids anaerobic

digestion, mixing optimization, non-newtonian rheology, scale-up effects

1. Introduction

Mixing is a critical process parameter in the design
and operation of anaerobic digesters, particularly in high-
solids systems, where inadequate mixing can lead to
stratification, scum formation, and localized inhibition
due to pH or temperature gradients (Zhou et al. 2019,
Li et al. 2022, Agborambang et al. 2022). Efficient
mixing enhances mass and heat transfer, ensures uniform
distribution of substrates and microbial populations,
prevents sedimentation and scum, thereby improving
process stability and biogas yield (Singh et al. 2021, Wang
et al. 2018). Among various mechanical mixed reactors,
the double helical ribbon impeller (DHRI) reactor has
emerged as a promising design for processing high solid
(like chicken manure slurry), non-Newtonian sludge
(Ahmadi et al. 2021, Wang et al. 2018) due to its superior
axial mixing capabilities and low shear characteristics
(Zhou et al. 2019, Singh et al. 2021). However, a detailed

understanding of how impeller rotational speed influences

the mixing behavior and sludge distribution in such
systems remains underdeveloped.

Computational Fluid Dynamics (CFD) has become an
indispensable tool for evaluating flow patterns and mixing
dynamics in anaerobic digesters, offering insight into the
hydrodynamic environment without the high costs and
limitations of experimental setups (Ahmadi et al. 2021,
Li et al. 2022). CFD has been extensively applied to
study impeller configurations, mixing times, energy input,
scale-up effect and their influence on anaerobic digestion
efficiency (Singh et al. 2021, Agborambang et al. 2024).
The CFD process typically follows three main stages: pre-
processing, where geometry creation and mesh generation
occur; processing, which involves defining physics
models, numerical parameters, and running calculations
until convergence; and post-processing, where results are
visualized and analyzed to extract meaningful insights
about digesters' hydrodynamic behavior (Fig. 1). Most
previous studies have either focused on geometric

optimization (Ahmadi et al. 2021) or limited speed
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analysis of DHRI reactor (Wang et al. 2018, Singh et al.
2021). There remains a lack of systematic studies that
explore how varying the impeller rotational speed in
a DHRI reactor influences the mixing pattern, sludge
distribution, potential formation of dead zones and scale-
up effect on mixing performance. Singh et al. (2021)
explored the optimization of mixing regimes in anaerobic
digesters using conventional helical ribbon impellers.
Their study linked improved mixing to enhanced methane
production and emphasized the role of impeller speed in
preventing scum formation and sedimentation. However,
their CFD analysis was limited to a single impeller
speed, leaving open questions about how different
rotational speeds may affect sludge homogenization
and mixing energy requirements. Similarly, Zhou et al.

(2019) addressed the importance of impeller speed and
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Fig 1. An overview of the procedural steps
involved in the computational fluid dynamics
(CFD) process.

mixing energy in high-solids anaerobic digestion (HSAD)
through a validated CFD study. Their study revealed that
insufficient mixing at low speeds led to dead zones and
reduced bioreactor efficiency, while excessively high
speeds resulted in energy waste without proportional
gains in biogas production. These findings underscore the
need for a systematic analysis of the relationship between
impeller rotational speed and sludge distribution, a gap
this study aims to fill.

The current study addresses this research gap by
conducting 3D CFD simulations, using a single-phase
framework and implementing non-Newtonian rheology.
This study aims to evaluate sludge distribution and
characterize flow patterns at varying impeller rotational
speeds, while also investigating the scale-up effects of

DHRI reactor on sludge distribution.

2. Materials and Method

2.1. Reactor Geometry and Discretization

The DHRI reactor was designed and simulated
by using ANSYS Workbench, version 22R2 (Agbo-
rambang et al. 2024). The schematic diagram of the
reactor and impeller, along with their dimensions are
shown in Fig. 2a and 2b respectively. The 3D geom-
etry was designed using ANSYS SpaceClaim and the
reactor had a working volume of 10 L. Fig. 3a and 3b
shows the CFD model of DHRI reactor and impeller
structure. The DHRI reactor consisted of two helical
blades symmetrically wrapped around a central shaft
(Fig. 3b). The bottom of the reactor had a conical
shape to ease the removal of sediments like sand and
was fully filled with sludge with total solid (TS) con-
centration of 12% (Wu 2012). The mesh statistics (cells,
faces, nodes, quality, etc.) and meshed geometry are

presented in Table 1 and Fig. 3c, respectively.
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Table 1. Rheological properties of sludge*

Slurry  Total solid Consistency index, K Flow index,n  Sharerate,y  Density, p

type

(%) (PasS") (1) (Kg/m3)

Sludge 12 2.4 0.38 0.8-23.9 1063.6

* Rheologjcal properties of sludge was tested at T= 35°C as reported by Wu (2012)

Fig 2. Dimensions of reactor (a) and impeller

a

Magnetic seal

2.2. Rheological model and definition of

o d
ot : | ST N8 dimensionless numbers

t‘;’ This rheology was implemented using a User-Defined

5 Function (UDF) in ANSYS Fluent, version 22R2 to

2 5 . 8 ensure accurate simulation of the fluid behavior across

/E& the reactor domain. A mathematical model characterizing

2 mechanical mixing for high solid anaerobic digestion

B \ F (HSAD) requires differentiation between rheological

= \\ﬁa' bottom properties of high-solids materials that exhibit dual

liquid and solid behavior. For instance, sand-laden

° dairy manure has been demonstrated to act like a non-

mpeler detais

ai%:éjl Newtonian liquid below 50% total solids (TS), whereas

@ E'i?‘ref%z:éso heavily bedded dairy manure exhibits solid properties at

o 25% TS (Salehiyon et al. 2015). The model formulated

herein exclusively addresses high-solid materials that

8 maintain liquid characteristics and is predicated upon

the following assumptions. (1) The model is a single

§ phase (to reduce the simulation complexity), and mixing

o in digesters is performed under turbulent flow conditions

(2) The sludge is assumed to fill the entire DHRI reactor

components (b) in millimeters (mm).

a

volume. (3) The digestion temperature is constant at
. - 350C and (4) Municipal solid waste and sludge exhibit
non-Newtonian pseudo-plastic fluid behavior when TS
is greater than 2.5% (Wu 2012). The rheology of the
sludge used in this study is presented in Table 2. The

apparent viscosity ( 7 ) and density ( p ) of manure

slurry are expressed as (Landry et al. 2004, Wu & Chen

n=Ky"lelor (1)

Figure 3. Geometry (a), impeller structure in-

side geometry (b) and meshed geometry (c).

p =0.0367TS> —2.38TS? + 14.6TS + 1000 (2)



41

Table 2. Mesh Statistics of the geometry

T oo LA

# 5% (2025)

Cell type Total sells Faces Nodes Cell size skewness
Tetrahedral 543764 1136466 93795 0.006 m 0.23
2008): in reference to the fundamental study by Douglas et al.

where k is the consistency coefficient, ¥ the shear rate, n
the power-law index, TO the reference temperature, T the
digestion temperature, and TS is the weight percentage
of TS in the sludge.

For mechanical agitation of non-Newtonian fluids,

Y =KN (3)

Metzner & Otto (1957) proposed a correlation as:

where N is the represents the impeller rotational
speed, and Ks is a constant value that is dependent on
impeller type. Ks = 23 for the helical ribbon impeller as
recommended by Thejirika & Ein-Mozaffari (2007).

Then the Reynolds number (Re) for mechanical agitation

of non-Newtonian fluids can be calculated by (Chen

Re = pNd”
n

(4)

1981):

where d’ is the impeller diameter.

2.3. Numerical method and Boundary Condition
The CFD code was based on solving the continuity
and the Navier-Stokes equations using a finite volume
method. The transport equations are integrated over
their own control volume using the hybrid scheme
discretization method. Second-order upwind for
momentum equations, PRESTO scheme for pressure and
SIMPLE scheme for pressure-velocity coupling were
selected. Residuals for continuity and momentum < le-
4, and steady-state volume-averaged velocity profile
stability were set for convergence criteria (Patankar et

al. 1980). The algebraic equation solutions are obtained

(1964). The discretization method and numerical solution
procedure used have been described in detail elsewhere
(Bouzgarrou et al. 2009). Non-slip boundary condition
was applied at the vessel walls and bottom. Rotational
motion was modeled using a rotating reference frame
(MRF) approach with rotational speeds of 50, 100, and
150 rpm to examine their effect on sludge distribution.
The top surface was treated as a symmetry plane.
Pressure-based, transient, turbulent (K-epsilon (2 eqn)).
Time step of 0.01 second was selected with a total
simulation time of 20 seconds. A scale factor of 3 was
applied to the lab-scale DHRI reactor (10 L) to scale-up
V'=Vk? (5)
to 270 L by applying geometric scaling law.
Where V is the original volume, V'is the scale-up volume
and K is the scaling factor.
Dead zones were defined as regions with velocity
magnitudes below 5% of the maximum velocity in the

reactor (Sindall et al. 2013).

3. Results and Discussion

3.1. Effect of Impeller Rotational Speed on
Velocity Distribution (Lab-scale)

Mixing efficiency was evaluated by tracking the dis-
tribution of the sludge zones of DHRI reactor. The ve-
locity contour distributions at different impeller rotation-
al speeds (50, 100, and 150 rpm) are presented in Fig. 4.
The color scale represents the fluid velocity magnitude
ranging from 0 to 9.63 m s™'. A significant variation in

flow patterns and velocity distributions was observed
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N=50 rpm N=100 rpm

N=150 rpm

Figure 4. Velocity contours distribution at
different impeller rotational speed: N=50 rpm
(a), N=100 rpm (b) and N=150 rpm (c) in a
lab-scale DHRI reactor. The color scale rep-
resents the fluid velocity magnitude (m s™).
with increasing rotational speeds. At 50 rpm (Fig. 4a),
the velocity distribution exhibited a relatively uniform
pattern with predominantly low-velocity regions (blue-
green) throughout the reactor. The maximum velocity
was observed near the impeller blades, but these higher
velocity zones did not effectively distribute throughout
the reactor volume. This observation aligns with find-
ings by Zhou et al. (2019), who reported that low rota-
tional speeds often fail to generate sufficient momentum
for complete mixing in high-solids digesters. The con-
ical bottom region displayed particularly low veloci-
ties, suggesting potential for solids accumulation and
formation of dead zones, which can negatively impact
digester performance (Li et al. 2022). At 100 rpm (Fig.
4b), a substantial increase in velocity magnitude was
observed throughout the reactor, with more pronounced
high-velocity regions (yellow-red) developing around
the impeller and extending further into the bulk fluid.
This enhanced momentum transfer led to improved cir-
culation patterns, consistent with observations by Singh
et al. (2021), who found that moderate rotational speeds
significantly improve sludge homogenization. The he-
lical ribbon design demonstrated its effectiveness by
creating both axial and radial flow components, contrib-

uting to the reduction of dead zones particularly in the

central reactor region. At 150 rpm (Fig. 4c), the velocity
distribution revealed intense mixing with high-velocity
regions (red) dominating the upper portion of the reactor
and extending deeper into the reactor. The fluid dynam-
ics at this speed showed complex flow patterns with
strong recirculation zones. This observation is consistent
with that of Ahmadi et al. (2021), who reported that at
higher rotational speeds, helical ribbon impellers gener-
ate robust axial pumping action that enhances the overall
mixing efficiency. However, velocity gradients became
more pronounced, with localized high-velocity regions
potentially creating excessive shear forces that could be
detrimental to sensitive microbial communities (Singh et

al. 2021, Agborambang et al. 2024).

3.2. Dead Zone Formation

Dead zones, defined as regions with velocity magnitudes
below 5% of the maximum velocity (Sindall et al. 2013),
were quantified for each rotational speed. At 50 rpm,
dead zones occupied approximately 15% of the reactor
volume, primarily concentrated in the conical bottom
region and along the impeller shaft. This observation
aligns with findings from Li et al. (2022), who reported
that low mixing intensities fail to mobilize and uniform-
ly distribute high-concentration slurries. At 100 rpm,
dead zones decreased significantly to approximately 9%
of reactor volume, while at 150 rpm, they were further
reduced to less than 2%. The DHRI reactor configura-
tion demonstrated superior performance compared to
conventional impeller designs, as reported in literature.
Singh et al. (2021) investigated the effect of mixing in-
tensity on biogas production in

a lab-scale single helical ribbon impeller reactor (con-
ventional type) using a CFD approach, with sewage
sludge having a low TS concentration of 4.3% (low-sol-
id). They reported the maximum velocity at 67 rpm was

recorded as 0.5 ms™ which implies that slightly increas-
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ing the sludge TS concentration above 4.3% could result
in significant dead zones. While our results on DHRI re-
actor, with high sludge TS concentration (12%), showed
a considerably higher maximum of 9.6 ms™ velocity at
100 rpm. This performance advantage can be attributed
to the unique geometry of the DHRI reactor, which cre-
ates efficient top-to-bottom circulation patterns essential
for processing high-solids substrates (Singh et al. 2021).
This study mainly focuses on CFD simulation approach,
future studies on validation of CFD results with exper-
imental data could be helpful to verify the efficiency of

CFD simulation.

3.3. Effect of Scale-up on Flow Dynamics and
Practical implication

The effect of TWF-CDD scale-up on sludge velocity
distribution was investigated in this study by applying
CFD simulation. The lab-scale DHRI reactor (10 L)
was scale-up to 270 L, with a scale factor of 3 applied
following geometric scaling law (equation 5). The same
geometric configuration, rotational speed (50, 10, and
150 rpm), sludge rheology, boundary and operating con-
ditions were similar to the lab-scale model. Based on
the simulation results, the velocity contour distributions,
flow pattern and dead zones in the scaled-up DHRI re-
actor with geometric and impeller rotational speeds (50,
100, and 150 rpm) similarities are illustrated in Fig. 5.
Comparison between Fig. 4 and 5 reveals no significant
differences in flow patterns and velocity distributions
between the lab-scale and scaled-up DHRI reactor. The
similarity in velocity sludge velocity distribution be-
tween the lab-scale and scale-up DHRI reactor may be
attributed to comparable geometric configurations, rota-
tional speed and sludge rheology, which help maintain
a consistent Re across both scales (Agborambang et al.
2024).

These findings are consistent with the study by Hu et

al. (2022), who conducted a comprehensive study on
the scale-up effects of stirred tank reactors (excluding
DHRI reactor) in (HSAD), examining both pilot-scale
(14.4 m3) and full-scale (3888 m?) configurations. Their
investigation employed CFD simulations alongside ex-
perimental measurements to assess the hydrodynamic
characteristics of the digesters, with a particular focus
on the influence of generalized Re and rotational speed.
The study concluded that, among geometrically similar
reactors, maintaining Re similarity offers greater rele-
vance for scale-up considerations than matching rota-
tional speeds.

The scale-up analysis has significant implications for
industrial applications of DHRI reactors in high-sol-
ids anaerobic digestion. The results demonstrated that
simple geometric scaling with similarities in sludge
rheology, rotational speed and operational parameters
can maintain the mixing performance in a larger scale
reactor. This finding is particularly critical for process-
ing high-solids substrates like chicken manure slurry,
where adequate mixing can severely impact process
stability and biogas yield (Wang et al. 2018). For indus-
trial implementation, the study recommends employing

geometric and sludge rheology (Reynolds number)

N=150 rpm

N=50 rpm

N=100 rpm
Figure 5. Velocity contours distribution at dif-
ferent impeller rotational speed after scale-
up: N=50 rpm (a), N=100 rpm (b) and N=150
rpm (c) in a scale-up DHRI reactor. The color
scale represents the fluid velocity magnitude
(ms™).
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scaling criterion with computational validation to deter-
mine appropriate mixing performance of DHRI reactor.
Additionally, the power consumption analysis should
be considered to determine the economically viable
balance between mixing efficiency and energy expendi-
ture. Overall, the study also revealed that DHRI reactor
configurations (lab-scale and scale-up) retain their su-
perior mixing capabilities during scale-up compared to
conventional impeller designs. Li et al. (2022) reported
that standard impellers suffer from dramatic reduction
in mixing efficiency during scale-up, while our results
demonstrated that DHRI reactor designs maintain rela-
tively consistent performance across scales, at all rota-

tional speeds tested in this study (50, 100, and 150 rpm).

4. Conclusions

This CFD-based study on sludge mixing in DHRI
reactors has provided valuable insights into the effects
of impeller rotational speed on mixing behavior and
the implications of scale-up on flow dynamics. The key
findings can be summarized as follows: (1) Impeller
rotational speed significantly influenced velocity dis-
tribution and dead zone formation in the DHRI reac-
tor. Optimal mixing performance was achieved at 100
rpm, which provided the best balance between mixing
performance, share stress and power preservation, (2)
The DHRI reactor configuration demonstrated superior
performance compared to conventional impeller designs
reported in literature, with significantly reduced dead
zones and improved axial circulation essential for pro-
cessing high-solids substrates, and (3) Simple geometric
scaling with similarities in sludge rheology, rotational
speed and operational parameters can maintain consis-
tent mixing performance between laboratory and larger
scales. These findings contribute to the fundamental

understanding of mixing dynamics in HSAD and pro-

vide practical guidelines for the design and operation of
DHRI reactor across different scales (lab-scale = 10 L
and scale-up = 270 L). Future research should focus on
experimental validation of these computational findings
and investigation of the effects of mixing patterns on

biogas production and process stability.
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Abstract For the long-term human habitation planned on the Moon and Mars, efficient recy-
cling and supply of essential life-supporting materials will be crucial. Fish aquaculture has been
proposed as a potential source of animal protein in such closed environments. One proposed ap-
proach involves utilizing the nutrients in aquaculture wastewater to cultivate microalgae, which
serve as feed for zooplankton, which in turn become food for fish. To implement this food chain
in a closed space environment, it is critical to determine whether the feed organisms can grow
and reproduce normally under microgravity conditions. Previous studies have investigated the
swimming behavior of the zooplankton Daphnia magna under various gravity conditions us-
ing parabolic flight experiments. The present study aims to clarify how microgravity affects the
feeding rate—an important factor influencing reproduction and growth—of marine zooplankton.
Feeding experiments were conducted using the two marine copepods, Acartia steueri and Tigrio-
pUs japonicus.

Zooplankton samples were collected using a plankton net from Manazuru Port, located in the
western part of Sagami Bay. Adult females of Acartia steueri were identified and selected for use
in the experiments. The microalga Thalassiosira weissflogii, cultured in f/2 medium, was used as
the food source at concentrations sufficient to saturate the feeding rate. Two treatments were pre-
pared: an experimental group containing both algae and copepods, and a control group contain-
ing only algae. These were incubated for 24 hours under two gravity conditions: normal Earth
gravity (1 g) and simulated microgravity (1/1000 g, equivalent to that on the International Space

Station). Microgravity conditions were simulated using a 3D clinostat, which rotates the sample
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in three dimensions to cancel the gravity vector. For the 1 g condition, the containers were kept
stationary in an incubator and manually agitated every 4 hours. After incubation, changes in
algal cell density were measured and feeding rates were calculated. Additionally, chlorophyll a
content in the guts of the copepods was extracted using N,N-dimethylformamide and measured.
Adult female Acartia steueri and Tigriopus japonicus fed on T. weissflogii and produced fecal
pellets under both gravity conditions. Comparison of ingestion rates of 4. steueri and 1. japon-
icus revealed no significant differences between the 1 g and simulated microgravity conditions
(p > 0.05). Similarly, no significant difference was found in the gut chlorophyll a content of 4.
steueri at the end of the experiment (#-test, p > 0.05). These results suggest that, under the con-
ditions tested, A. steueri and T. japonicus can maintain feeding activity comparable to that under

Earth gravity even in a 1/1000 g microgravity environment. Future studies should assess how

microgravity affects other biological processes such as reproduction and growth rates.

Keywords: clearance rate, gut pigment, marine copepods, microgravity, space aquaculture
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Table 1. Experimental target species of ma-

rine copepod and gravity conditions in the
present study.
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Fig 1. (a) Ingestion rate, (b) clearance rate and (c) gut pigment of adult females in marine copepod

Acatrtia steueri raised under 1 g (Earth gravity) and 1/1000 g (International Space Station gravity)

gravity conditions. No significant difference was detected between conditions (t-test, p>0.05).
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(static) (shaker)
Gravity condition
Fig 2. (a) Ingestion rate and (b) clearance rate of adult females in marine copepod Tigriopus japon-
icus raised under static and agitated conditions at 1 g (Earth gravity), and 1/1000 g (International
Space Station gravity) gravity conditions. No significant difference was detected among condi-

tions (ANOVA, p>0.05).
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Abstract  Chromochloris zofingiensis has ability to produce high value pharmaceutical and nu-
traceutical pigments in autotrophic, mixotrophic or heterotrophic nutritional mode which makes
it a promising microalgal species. In this study, we observed the effect of dilution on growth and
biomass concentration in three different nutritional modes. When the cells in auto-, mixo- and
hetero-trophic nutritional modes, in this study, reached the highest optical density (OD), they
were diluted to ensure they remained in linear range of optical density detection and to under-
stand the morphological differences between each nutritional mode. As a result, the cell behavior
changed in each nutritional mode due to difference in conditions. The heterotrophic cells reached
the highest biomass concentration (1.11 g L") due to largest cell size and possible accumulation
of intracellular compounds in the dark phase. On the other hand, cells in mixotrophic and auto-
trophic nutritional mode reached biomass concentration, 0.88 and 0.40 g L', respectively. Our
study showed a correlation between growth and dry weight, where cells in each nutritional mode
showed almost similar growth with different biomass concentration. We observed an accurate
comparison between biomass between conditions where cell shapes might have influenced OD
independently of biomass. Thus, it can be said that the differences in nutritional modes affected

the cell physiological characteristics of C. zofingiensis.

Keywords: biomass, Chromochloris zofingiensis, dilution, growth, nutritional modes

Chromochloris zofingiensis, a eukaryotic green et al. 2014, Zhang et al. 2017, Chowdhary et al. 2022,
microalga, has attracted attention due to its high growth 2025). C. zofingiensis can be easily cultured under several
rate, biomass and natural production of high-value  nutritional modes such as autotrophic, mixotrophic and

compounds such as astaxanthin and canthaxanthin (Liu  heterotrophic based on various carbon sources (Sun
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et al. 2008, Li et al. 2009, Chen et al. 2015, Sun et al.
2019). However, cells tend to change their cell growth,
carotenoids, physiological characteristics such as cell size,
and intracellular compounds such as starch, lipids when
cultured into different nutritional modes. In our previous
study, we showed that cultivation of C. zofingiensis
through transition of nutritional modes affects not only
the growth but also the physiological characteristics
(Chowdhary et al. 2023). We also reported the mechanism
of multinucleation followed by multiple fission and
changes in intracellular compounds by transition of
nutritional modes in C. zofingiensis. The high optical
density can be affected by both cell numbers and cell
density based on the nutritional modes in C. zofingiensis.
However, the dilution of high biomass concentration to
understand the relationship between growth and cell dry
weight has not been explored. It is possible that diluting
high optical density (OD) cells might help reduce the
influence of cell shape and size on light scattering, by
improving the reliability of OD as a proxy for biomass
across varying nutritional modes. The difference in

nutritional modes leads to change in cell behavior and

Autotrophic
After reaching
‘ highest
growth
Autotrophic
12h L: 12h D Mixotrophic
Heterotrophic
Stock Cultivation in

nutritional modes

Dilution of samples

physiological characteristics which might be explained
by possible dilutions. Thus, in this study we elucidated
a more reliable relationship of whether cell physiology
affects the biomass and growth of C. zofingiensis in
different nutritional modes with dilution strategy.
Chromochloris zofingiensis (ATCC 30412) was
obtained from the American Type Culture Collection
(ATCC, Rockville, MD, USA). The modified Bristol’s
medium (MBM) (Ip & Chen 2005) was used for
maintaining the microalgal stock in 250 mL Erlenmeyer®
flasks at 25 C under a light intensity of 60 ymol m” s
at a 12 h-L/12 h-D photoperiod. This study analyzed
the relationship between optical density ( A =750 nm)
with cell dry weight (g L"). Cells from the stock phase
were cultured into three nutritional modes each, namely,
autotrophic (with 260 gmol m™ s continuous light
intensity), mixotrophic (10 g L glucose with 260 pmol
m” 5" continuous light intensity), and heterotrophic (dark
with 10 g L' glucose) mode with continuous aeration (0.2
vvm) in MBM at 25 C until the stationary phase. When
the cells reached optical density >1.2 (original sample,

Ori.) in each nutritional modes, cells were diluted (1x,

Ori. 1x 7x
B =53
[cree R el ||
Growth &
» ceee Biomass of all

diluted conditions

Observation
from original (Ori.)

Fig. 1. Cultivation of Chromochloris zofingiensis in three nutritional
modes and observation of growth using a dilution strategy from the orig-
inal (Ori.) sample, with high optical density in each nutritional mode.
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2x, 3x, 4x, 5x, 6x, and 7x) with distilled water. After
preparation of different dilutions, the optical density
and the cell dry weight of the diluted culture in each
nutritional mode was observed (Fig. 1). The cultures were
conducted in monoplicate.

The cell dry weight analysis was performed by using
pre-weighed glass fiber filters with a pore size of 0.7
pum (GF/F, Whatman, USA). The filtered cells were
washed three times with distilled water and dried at 80
°C for 8 h for the dry weight measurements. The growth
was measured by using a UV-visible spectrophotometer
(UV-2450, Shimadzu, Japan) at optical density (OD),
A =750 nm. Two different types of hemacytometer, a
bacteria counter (SLGC, Koshigaya, Japan) and Thoma
(Hirschmann, Germany), were used depending on cell
length and density.

The growth of Chromochloris zofingiensis in all
three nutritional modes, autotrophic, mixotrophic and
heterotrophic, reached about 1.29, 1.40, and 1.21 (OD)
respectively. The specific growth rate was the highest
in mixotrophic (0.89 d") as compared to autotrophic
and heterotrophic nutritional modes (0.72 and 0.50 d”,
respectively). The highest growth rate in mixotrophic
cultivation mode was possibly because C. zofingiensis
can utilize both light and carbon sources for growth
(Chen et al. 2017, Sun et al. 2019, Chowdhary et al.
2022). However, the physiological characteristics of C.
zofingiensis changed with respect to different nutritional
modes. The cells were larger in size in heterotrophic
(14.6 um), as compared to mixotrophic and autotrophic
nutritional modes (9.17 and 5.44 um, respectively) (Fig.
2). The largest cell size of C. zofingiensis in heterotrophic
cultivation led to highest cell dry weight, 1.11 g L,
possibly due to accumulation of intracellular compounds
and multiple nuclei (Chowdhary et al. 2023). The cell dry
weight in mixotrophic and autotrophic nutritional mode

reached 0.88 and 0.40 g L, respectively. The lowest dry

weight in autotrophic nutritional mode can perhaps be due
to smaller cell size and low accumulation of intracellular
compounds (Chowdhary et al. 2022, 2023). Even though
cells were smaller in size in autotrophic nutritional
mode, the growth (OD) reached almost similar to cells
cultured in two other nutritional modes; mixotrophic and
heterotrophic. Different nutritional modes are known to
stimulate production of nuclei, intracellular compounds
such as starch, lipids, and biosynthesis of carotenoids
(Chowdhary et al. 2023, 2025).

In this study, the relationship between C. zofingiensis

cell growth (OD) and biomass concentration was also

Fig. 2. Pictures of Chromochloris zofingien-
sis cells cultured in (a) auto-, (b) mixo-, and (c)
hetero-trophic nutritional modes.

Scale bar 20 pm
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observed. After reaching highest cell growth, cells were
diluted (1x to 7x) and later the growth of cells in each
nutritional mode was observed (Fig. 3). At high cell
densities, OD sometimes can become non-linear due to
light scattering or change in shapes. The dilution strategy
in this study generated a more reliable relationship
between OD and actual biomass, which enabled
correction across the nutritional modes (Fig. 4). It also
helped limit the influence of cell shape and size on OD
measurements. It is known that C. zofingiensis has unique
cellular characteristics which change with nutritional
modes (Azaman et al. 2017, Chowdhary et al. 2022). In
this study, it was noticed that C. zofingiensis cells cultured
in autotrophic nutritional mode showed similar growth
(OD, A =750 nm) to cells cultured in mixotrophic and
heterotrophic modes, but due to smallest cell size the
dry weight did not reach as high as other two nutritional
modes (Fig. 4). It is possible that the cellular content
or cell density of C. zofingiensis possibly led to higher
growth in autotrophic nutritional mode (Chowdhary
et al. 2022). However, the large size of heterotrophic

C. zofingiensis cells probably led to accumulation of

1.6 1
—o—Autotrophic
14 ¢ —e—Mixotrophic
—e— Heterotrophic

Optical density (A= 750 nm)

Dilutions

Fig. 3. Growth (A=750 nm) of Chromochloris
zofingiensis after dilutions, starting from 0 to
7, where 0 is the original sample and 1, 2, 3,
to 7 are the dilution factors 1:1, 1:2, 1:3 until

1.7, respectively.

higher cellular content (lipids, starch, nuclei) producing
highest biomass as compared to the cells in autotrophic
nutritional mode (Chowdhary et al. 2023). The cells in
mixotrophic nutritional mode, on the other hand, showed
high growth and biomass possibly due to larger cell size (9
pm) and high intracellular content. In our previous study,
the highest growth rate and biomass productivity was
observed in mixotrophic nutritional mode (Chowdhary et
al. 2022). The highest dilution (7x) also showed that with
the same growth (about 0.2, OD), biomass concentration
in each nutritional mode was different. The differences
can be owed to the change in cell size, or cell density in C.
zofingiensis in autotrophic, mixotrophic and heterotrophic
nutritional mode.

The differences in physiological characteristics were
noticeable due to the dilution of the cells in different
nutritional modes when they reached high biomass. In
a previous study, it was found that the light efficiency
increased when the cells were diluted and transferred for
efficient production of astaxanthin (Wan et al. 2015, Zhang

et al. 2017). It is possible that improved light efficiency in
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Fig. 4. Relationship between growth (A= 750
nm) and cell dry weight

(g L ) in Chromochloris zofingiensis in auto-
, mixo-, and hetero-trophic nutritional modes
with dilution strategy.
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C. zofingiensis during the biomass production phase with
dilution might also improve the biomass and affect the
cellular characteristics. Thus, future studies are required
to examine the effect of dilution on cell biomass and
cellular characteristics in different nutritional modes in C.

zofingiensis for improved biomass production.
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