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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
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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.
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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 iR

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

22. EBAE
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 NAF ROBERIIHEED S (Singh et
al. 2017) ZHEV>, JEEZNAA ji 2 g 47K 20 mL %
EEIREFE T 160 rpm T 1 FE3REL 726, EC X—
& —THlEL,

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



5 T TLESE 5555 (2025)

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) AL, 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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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\
ARG Y RO WA DR 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
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2+ cd
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fos f f
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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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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%.
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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%.



7 T TLESE 5555 (2025)

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
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b) 0 Water L1NaHCO3 @ NaOH E1HCI B Residual
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o
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L
8 a0%
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o
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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%) . RACIREED EHIZPE
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
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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
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(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
BEFEBRICH 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
DIEADFRDONT =0 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*Hl. 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 REEIIN D DEI B HRRL ., 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 ) IR 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 % 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 ALV 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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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,
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