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Effect of Humic Acid-ferrihydrite Complex on Soil Organic Carbon in Newly Reclaimed Soils
ZHENG Yanyun'?, YU Zhenghong®, ZHANG Jiabao'", ZHANG Congzhi!, MA Donghao', CHEN Lin', ZHOU Guixiang'

(1 Key Laboratory of Soil and Sustainable Agriculture, Chinese Academy of Sciences, Nanjing 211135, China; 2 University of
Chinese Academy of Sciences, Beijing 100049, China; 3 College of Agricultural Science and Engineering, Hohai University,
Nanjing 210098, China)

Abstract: The different enhancement effects of straw (S), biochar (B), woody peat humic acid (HA) and woody peat humic
acid-ferrihydrite complex (HA-Fe) on soil organic carbon content in newly reclaimed red soil, coastal saline soil and loessal soil
were explored through an incubation experiment. The results showed that during the entire incubation period, all four organic
materials significantly increased the total organic carbon (TOC) content of the three soils. However, after 100 days of incubation,
the enhancement effects of HA, B and HA-Fe were 3.1-4.3, 3.1-3.8 and 3.0-4.0 times of S, respectively. After 360 days of
incubation, the enhancement effects of HA, B and HA-Fe were 3.0-7.1, 2.9-6.2 and 2.9-6.3 times of S, respectively. The
enhancement effects of B and HA on soil mineral-associated organic carbon (MAOC) were weaker than that of S. Compared to S,
B and HA, HA-Fe significantly increased both TOC and MAOC. However, its enhancement effect on soil readily oxidizable
carbon was much smaller than that of S. This study reveals that HA-Fe has a stronger ability to rapidly enhance soil organic
matter of newly reclaimed lands, but it is better to apply with liable organic materials to more quickly enhance soil active organic
matter and mineral-associated organic matter.
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SEANIEAT ML R R B T B it B - SR AT LT
R R 75 22 10 ~ 20 4F 19 I ) A BE BH G 42 = AR
KO3 AR, AT R M 3 it ) £ 400 S e
BEAE L3 SRR, A=A e L B LA RS
FEAETEME SR L0 2 ST A HLEHLE SRS, 14
11 T i 2 A0 HO X T ST RE AR T AL AR
FIIFTE ST, e P A 0 o e X LAAT A8 B 2T 83 5 B ot
9 IR A LIRS . ABTEAL, APLCHLE &
PRI A4 AL 0 7R A AR 22 1 T RE A 45 1 1) o
HER, AT LI BRI I, B AS B A PR
TEAT LR A vl 2 o 2 ST R, 4254 4
SEAT BILI S O BRE T T4 o b A B ) [ B RE ), 1)
St E AR HEA LS R 8 Yy a] A HLICHLAR
HAEHPL,
SAEWIBRAN L, B B e H A 5 e SN Y
AHLIE, BEE A IR 4SS A PG
PLEA R SR, SRR i L3 pH Z4F T #5
A SRR , PRI (RIS B P ) SR ) =2 [ A7
TR AR A, LTSI FE TR 2 ) - S I
ENIU o G (E B o N e s B s T3 C X V]
i ) R SR A W A e A LR [ 77 b 3 A O E
AR, AR 58% BB A AL BT A
BRAA A3 Ay TE LA, e 3 o B A DO A
MBI, (8 Fe®™ | Fe'" 2 MUHE 147
TEZAET , AHLSCR S 5 S0 145G, e B4 Hl
TEME A ARITE SRR M BER . Kk, K
SR ) 25 B PR —K Bk 2, K5 Tiest+
SR P4 & A HLBR ATE A, MTT PR g2 LA A Ml 8 T

BRI LR AU S RAIL K. BT,
AT FEBRE AT . AW . ARAS P2 S HE R
ARAYEIR I FEIR KBRS 5 B in st + ey
HLBR BB TH IR0, ARSI TR K B 5245 W e P
T AR LA HUBRAL 1K R 0%, A
T A3 R At 9 Ay D ke R AR AR B AR S 4

1 #RERE

1.1 ki

TE4 O BN EE T 3 AP IS + 1 T ARG
S0 1 N B Y (BN oL o = s 71| W R K A G AT PSS
FLX 5835 (28°20'50"N,  116°52'51"E) L1 Hh Fr 5 b [X. %
B HEMNLAR L, B et BV
A ST I X REEEART(35°26'30"N, 107°52/51"E) )
FAERA T, B AR AN 1, % MR H R
T AR BRI AR LR A AR R B i A
¥1(37°44'22"N, 118°38'51"E)EiFEL +, I
TR A+ VTG AT X SRk i A b IX A S A S
SRR I 2 RV, AP SRR H R K 4y
Wk 17.6 °C F11 788 mm, HboJE LU i ik 3.
B VG AE 22 FREFEA A Tl 2 T 5 X, Ja s I KBl 1 2
WA, AR SIR AR BREK 5530 9.2 C
1500 mm, JAE A, (WARAEREE R Ti%
AR R, AEAIR 117~ 126 C, 4
BIRE/KEN 537 mm, )@ AedbEhm X, {7 T
AMPBIEE, ARFFCRET 0~ 20 cm HFHER
JZ R . IERAEREFZ XTI 2 mm 05 26484
L AR A 35 1.

F1 il REZBAMR

Table 1 Main physicochemical properties of tested soils

Hb o Sae: £ <3| pH LIS AL g AR A
(uS/cm) (g/kg) (g/kg) (mg/kg) (mg/kg)
VLV R EaR: 4.84 77 10.77 0.59 1.16 129.72
WWARARE HiEEh 7.89 1130 6.98 0.40 2.93 79.98
Ik 74 S 2 RS 8.82 185 3.13 0.21 1.25 74.85
1.2 g HENma BRI A AR Y8 25 J68 58 MR ¥ 55 0.1 mol/L 1) FeClL 5

PHAA P RS EORFEFF . LM . RA
e ¢ J§5 B PR A A e I JB8 SH IR —/K Bk S5 ¥ o P
R P FORFE AR T2, AR W) 0o RS AT
el ] ity LT R P BV AR HB i DA K 9 I 9 o
BERA P PR BORAS . TS R—K R 2 & W e
R B AR UL SRR AR , A FeCLRWE, Jf
g, s PSR, BAOB R, . R

REHE), FfER AT TEREM 240, Kk
L5 1 B R —K 4k 2 A& R ok kst . Kbk
ZREPIET 40 CHET IR, BIA AR —K 2k~
EEWIME . AWk . T FE R RS B R —K kA
HEWH R 70 BBARFES, FORFE AR A
89 F< 5 mm. AR PR A LR 4
W2 2,
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Table 2 Organic carbon and total nitrogen content of tested
organic materials

ALY R HHLUR (g/kg) 245 (g/kg)
EARFEF 453.76 12.78
JE 5 R 473.32 6.71
AW 5 464.98 7.61
JERRR—KEE B AW 274.89 4.89

1.3 it

ARFFRILRE 5 DAL, S350 AIR(CK).
BINFEFE(S) . IRIEHRRHA) . BSINA 45T (B) Al
BB AR —K BB 2 &Y (HA-Fe), B b B
6 NE . RHE NI FHEIR SIS I LR 3
T BTGB 3T AL A B TR0, B4 20 BR
N YRR 2 PARA VR AIREEE, 1% C
RN 5 g/kg LRYNEHIE, SFERERECLAE 4 M
PLPPEL: K PRI HLEL T )5 500 g it 2 mm i
B HERE SR AR A T 1 L iR D, IR E T
28 C B NTAUREE SR AT h AT E R R A B R
ST SR FH PR B ik 5 - 398 10 5 7K B R A8 T TR 45 7K
BN 70%. A ATERFE 100 d 1360 d J5, #EFTRESR
PEIBORE , RRUCIBRORE A AL PR AR 3 NS . IR AR 13
T3 A XU S 0 0 A TR A
1.4 MEHEREFE

IR S S LR . AP . S AR
PRl E S IR (RO AL Ak ) T R
A BB (TOC)R ] e i A1 4 3% R R 4 Ak — 2 1 1T
525 EAAPKMHEFOC)LA 1+ 5 1+ HER FHAHXT 2%
JER 2.0 TR EIRIEA T B A LRI, JF R A
TSN E BRI A - BN E ;. 2 E ALk (ROC)
F iR 333 mmol/L Wy s AR R ALk 3R I, JF
By A UV-1780 S50 ] WLAM GG EETHE 565 nm KT
HEAT RO E o JEFHIR—/KERA 525 WIAE it i I AH R
I X BHRAT S (XRD)(Rigaku Ultima IV, Japan)#f7
RAE, AU A G548 2R HI 7 2 37 S I P H 114
MBS (FESEM; MAIA3 GMU, Tescan)#E{T1E
1.5 TEEBYEMRASREXRBEITH

BT T sE iy T3S HLeR . A LA
AR IAHRHE 3 ol ia B+ 5 iy
&L [ B % % (Total organic carbon sequestration
efficiency, TOCgg). Hi ZH [# #& %4 *% (Heavy fraction
organic carbon sequestration efficiency, HFOCgg)F15%
2 it 5% B ¥ (Mass residual rate of light fraction,
MR )"

TOCy ~TOCc 0o

TOCgg (%) = (1)

FHH: TOCT F1 TOCe 73 Al B 4% 100 d 5 360 d J5
2 H HLY R b B A % BE 4b B (CK) 9 A AL Bk & &
(g/kg), C FmINEA HLY B A HLER § A
(g/kg)o

HFOCg (%) =

)

A HFOC Ml HFOC 4332 /n 55 % 100 d B 360 d
JE & ALY B R B K CK Ab P (Y & 41 A7 LR & 5
(g/kg), C 1RFTANEA HLY R T A HLAR i A &
(g/kg)o

MR (%)=

HFOCy ~HFOCc |
c

MLF -MLF ®

. MLFr Al MLFc 730 3R7n 8555 100 d 87 360 d
JEA AV EL K, CK A B R4 it (), M AR
FHMEA HUYRH R IR I (g)
1.6 #HiE4bIE

K SPSS 20 AT E RS T, SR
Excel 2021 A Origin 2018 #FEfT RIS 44, XRD
BAEK ] MDI Jade 6 43T

2 HBREHSN

2.1 BHEB KK ESYHMIESHIRSFE
R T 2R K A2 35° Fl 62° st o i
WS PR RAIE DG, AR AR e B 9 R ) 25 7E 10° ~ 30°
Vi) 2 R 14 P i %) T AU o AT S U (T 1) AR
G Y I TR K T S5 I X AT RIS AE 35° Al
62° BT B T SO AT AT, FE 10° ~ 30° B
W R, RBL T AR R 5 KR A YRR
PE. W, mERBRSEEE T LUE L, 5 RR—K ek
WG YRR/, BASEURDRL AR 292 20 nm.
2.2 AEEWHRXT T 5T YA A
221 THEMAPERR(TOC)  HIEFE 100 d 1360 d
JE I E ) TOC g5 5l E i, 5 CK ABEAHE, %
FEAT . AW . PE R A R K B E A
12 (P<0.05) 827t T 4048 L A4 1 3 A akin
BR300 TOC & ( 2). SR, WINFSFR(S 4k
X 3 Fh A4 TOC 5 it 14 T i 32 3 1K T i i 1
(HA) . A=Y (B)FIE 5 R —K 20 52 5 W) (HA-Fe)
AhEL, 7E 100 d A1 360 d BFAL A BIERTE T 1.25 ~
1.60 g/kg 1 0.76 ~ 1.11g/kg. MELZ T, 7ER:FE 100 d
i, HA, B fl HA-Fe AbFEX} 3 Fh+3E TOC AY#ETH=
SRR 4.91 ~ 530, 4.68 ~4.99 1 4.47 ~ 4.95 g/kg,
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Fig. 1 XRD and SEM micrographs of HA-Fe
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(KPS FREAR R R B 9% 100 d 85 360 d Jm AN [A] Ab A 22 53 | 3% (P<0.05), T KI[H)
2 1535 100d 72360 d EARLE T IELRFNHRTOC)ZE

Fig. 2 Soil TOC contents under different treatments after 100 and 360 days of incubation

Sl S ARBRAY 3.1 4% ~ 43 14%. 3.1 4% ~ 3.8 f5A0
3.0 ~4.01%; 1EREFE 360 d ), HA. B fil HA-Fe
SEFRXT 3 Ff 443 TOC AT+ 30 AT 3k 4.88 ~ 542
475 ~ 4.95 F1 4.55 ~ 4.80 g/kg, r5liE S AbFHAY 3.0
5 ~ 704529 0% ~ 6.2 45 H1 2.9 1% ~ 6.3 1% 4t
TEAREE 2 9100 d 1360 d), HA . B Fll HA-Fe 3
AKREEEXTLTIE AR AL+ TOC & &R THEH
Z SN, Hrr, 3+ HA AP TOC & H#H7E 100 d
Al 360 d A4 5 3 (P<0.05) K F B fil HA-Fe 4b#, #
45+ Bk 100 d A B ALBEAN , HA kb HEAY TOC & i
YIRE#E (P<0.05)E T B il HA-Fe AbBH, 7ELIIEH

HA . B fil HA-Fe Zb3 = # [ JC i Z k22 7, {H 360 d
B HA kb3 TOC & &0 & T B Ml HA-Fe Ab3iL,
222 HHEEAA PR (HFOC) HH % J3E 53 21 I T
FE HFOC S5 AT LA, (UG EESE 100 d B,
I EA AL RS PR e 4R = 20 . $h L e a1 3

Fi 1350 HFOC & &, i HA-Fe AbH7E 3 Fib 145
TR T AP 3), 5 CK AbHEAH L,
HA-Fe 403X} HFOC & #2524 1.18 ~ 1.55 g/kg,
M S. HA Fl B &b #4553 50 0.49 ~ 0.87.,
0.31 ~ 0.79 1 0.56 ~ 0.80 g/kg, X4 HA-Fe AbFH (¥
35.5% ~ 56.3%. 21.5% ~ 57.2% F1 36.4% ~ 67.7%. S
AFEE HA 1 B AbBRIE] Y25 48/, SR, 283 360 d
MK FR IR, S AbBRE HFOC & t— 4T, KR
W4 A, S AbBRE) HFOC &AL AIER + i i
FH(P<0.05) T HA f1 B Ab#, BRersgsl, &h+Ae
43 1 HA-Fe AbFREY) HFOC & &34 THAbAL . 1
Hb, LLES A FCEHLYRE, TEREAEEIRIIN, HA 4b3E
() HFOC & & JL T iy, HoE B 03], 5 HA
VIS Ny

223 HHELEALBRROC)  HIEEFE 100 d A1 360 d
JE I AE 1) ROC WSS H AT LU H (B 4), fEL R # 4
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Fig. 3 Soil HFOC contents under different treatments after 100 and 360 days of incubation
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Fig. 4 Soil ROC contents under different treatments after 100 and 360 days of incubation

TSRS, HA. B Hl HA-Fe 4b3%) ROC
Fr IR = T E S T CK AR, T S AbHYy B 2%
(P<0.05)m THAMALFE, 5 CK 4bFEAHLEL, S AbHEXT 3
Fh 310 ROC &8 HE 5 280.64 ~ 404.34 mg/kg,
B, 7E415E HA . B Il HA-Fe 3 b3, HA-Fe
AEBE 100 d 1360 d (9 ROC & 4978 1 2 (P<0.05) 55
T HA FIB AL BAR AT W E M 225, ¥4 - HA-Fe
ARFETE 100 d 1360 d B ROC 5 2t 2 g A R
W) HA Fil B 4638, TAEER -, HA A0FEd BATE
R ROC &4, 7ERGFE 100 d IF, H ROC Sk
TS AbH, FEREF% 360 d B, JL ROC & it i 35 (P<0.05)
T HAbAN . £+ S AbHAE 100 d B ROC 5 4
2 i T HAB AL EE, (B R E BE FE [ B 22K, H ROC
Fra N, HE/NT HA-Fe 4bH, £h+ HA-Fe
AL ROC i BAR/NT HA b3 {H I 35 (P<0.05)
T B ARbEE,

23 TEEBRUESERBEE

231 SEBRECR(TOCsg) M4 13 TOC [ilsE
LTS R SR 100 d F 360 d B AS [] b 3 - 5
) TOCsp 455 3R 3 WA M, 73 Fi L3, S4b
Y TOCse Ik T HA. B F HA-Fe 4bBR, B¢
100 d FHYAEEE 16.52% ~ 31.07% IFSFFRR . AL
Z &, ¥55% 100 d iF, HA | B fil HA-Fe Ab %) TOCg
Bigik®] 85% LA b, 4ril2 S AbFEy 3.2 F% ~ 5.9
. 3245 ~ 52 /5 3.0 fF ~5.5M%. fEREFE 360 d
ff, S AbFEAE 3 Fb 3P A TOCE E AN 10.88% ~
36.80%, HA . B fil HA-Fe ZbHf) TOCse MAFLE /N
AR FEE], HA . B Al HA-Fe AbFHH] (1Y) TOCsE
2B,

232 EAFEBRRCEHFOCsy)  AYE 3 HFOC 1Y
M2 25 R A B R FE 100 d A1 360 d B[R A0 HE
+HER) HFOCse Z5 9 . 3 4 AT A, BRETHE 360 d
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3 EF100dF360d FEARLGELTIEN S
(TOCsg> %)

Table 3  Soil TOCgg under different treatments after 100 and 360
days of incubation

h# S EH, BRESSE 100 d )5 R9ER 46, S AbPEfY
MR ¢ 7E 3 Fh 18 2 85 37 s B 4 5 35 (P<0.05) Ik T
HAbgbre, Hop, $53% 100 d J5 S AR MRis N
29.85% ~ 69.82%, iZeid 360 d 55375 1R 7.20% ~
27.49%., HA 1 B AbBEZE5d 100 d B3 325 1) MRk 5
ik 77.88% ~ 98.08%, £t 360 d #53%)5, H MRy
WA BN, A3 81.21% ~ 103.91%, Horf HA 4b¥E7E
3 B rh EANEE TR IR AR ZAE 98% LU E. M
T, HA-Fe ZbFEAY MRy BSRET S AREE, {HL{H
55.86% ~ 68.69%, {3 (P<0.05){IkT HA il B Ab#f,

F5 EF100dF1360d EARAGIE L IERZEREIXEBER

T Qb 100 d 360 d
a1 S 31.07+1.64¢ 36.80+0.70 b
HA 98.68 + 1.25 ab 97.61+2.30a
B 99.71+5.18 a 98.43+5.87 a
HA-Fe 93.34+3.09b 97.58 +4.07 a
Ht S 16.52+0.01d 10.88 £ 0.36 ¢
HA 97.62+2.44a 101.04+4.32a
B 85.15+0.96 90.85+0.77 b
HA-Fe 90.59 £ 0.69 b 91.59+1.64b
mH S 28.59+2.87¢ 2291+1.20¢
HA 98.14+2.71a 99.09 +3.76 a
B 98.94+3.34a 92.02+1.64b
HA-Fe 89.48+0.19 b 92.58+3.53b

T R RSB 5 /NG E AN [F] 7R [F)— R R Ak LA
255 B ¥ (P<0.05), R,

&4 153 100 d #0360 d f5 A [E AT + 15 B 4H B BRI E
(HFOCsg, %)
Table 4 Soil HFOCgg under different treatments after 100 and 360

days of incubation

(MR_g, %)
Table 5 MR r under different treatments after 100 and 360 days of
incubation
4 4k 2 100 d 360 d
FAR: S 40.65+9.73 ¢ 7.20+£227d
HA 97.31+6.32a 98.28+9.41a
B 83.54+16.35a 81.21+0.86b
HA-Fe 60.15+3.29b 64.68 £3.80 ¢
#Hht S 69.82 £ 11.74 be 22.30+£941d
HA 96.95+2.37 a 10391 +1.79 a
B 82.53+1.79 ab 90.43+£0.99b
HA-Fe 58.86£4.20 ¢ 68.69 £3.17 ¢
B+ S 29.84+3.54d 27.49 +1.06 ¢
HA 98.08 £6.93 a 99.32+9.23a
B 77.88£2.46b 93.35+9.63 a
HA-Fe 56.05+1.05¢ 5586+ 11.01b
3 Wit

A b7 100 d 360 d
e S 18.12+£0.12a  18.30+3.86a
HA 291+032b 3.53+231¢
B 18.49+6.88a  11.10£2.02b
HA-Fe 28.06+3.92a  13.55+1.62ab
Hht S 1145+1.48b  27.62+4.14b
HA 16.48+3.43b  17.03+£0.30 ¢
B 2346+1.69a  2678+243b
HA-Fe 28.14+£244a  37.04+193a
Cig S 7.60£2.48b 13.86+1.47b
HA 5.85+1.08b 730+3.20¢
B 8.68+0.21b 14.81£0.12b
HA-Fe 21.99+4.03a  2325+425a

B S AbBEAN, HA-Fe AbFEA) HFOCe 75 3 Fl -+ 32 2
AR SR A AN TR Ab B P R A e (e, A3 S
HA FI B AbFRAY 1.3 4% ~2.9 65 1.7 1% ~9.7 f5H1 1.2
5 ~ 2.51%, i HA AbBEAE 100 d K5 #AF A9 HFOCsg
1R 2.91% ~ 16.48%, Rzt 360 d EEFRfE, I
HFOCg: WA K 3.53% ~ 17.03%, KT S. HA Fl
HA-Fe ZbFH

2.3.3 BRANSFREIEEARMR) N LURA
[ Ak 3AT AL R B AT HILRR PO B2 T 3500, 35T 9%
SMHRETHE T NFEA G SR 100 d F1 360 d AfFY
MRy g, IZEE AT S W ER A HLA R o T Ay

PR B A T K A A - 48 Y e A — A ek
B TINILHE R - SR AL A, T ANEAT HLER A% A
JESE N A AU B B SR FTHE A I 45
B, ONASAT . EEEIR AR e B BE IR K 2k
AR MG MUY AR RE 25 5 = i ih
HhaT e | R B AR H A MUR SR SR, AN
FAUAG LRI 3 BT B 5 5 4L B TR0
A 225 0 RTINS INRS AL R 38 14 1 3 Fh 35
M EA LSRR )Mt B A LR(E 3 Fisk
4), SRTEA A VLY REEE, FEFFXT 3 A 3R
A PR AR RO F 59 (K 2), [RIE 3 Fh L3RS FF
B B S AR 2, 2 360 d B KGR A X fE [
FE 10.88% ~ 36.80% RS FFRR (K 3). FEATEA AT
A B BB ACR I R R AT, REAT b B B E oy
i A ML, BT e L bR R - A ALK
K 4 (g L3, FEAT AL BEAY 3 Ff 380 HAT fe s 19
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SRR & TR R S AT, REAT AR AL R AR R
FRIEAFA IR P N, 20t 360 d 3RS
HTR AR B RAUN 7.20% ~ 27.49%,  |iREERFH,
FEFFBRAE 3 Fp 13T R34 5 TR, R FFRT HIEA LT
BB TN A T T HHEE A LR A 5 o KR
T, AR FER M RENEHE N + e LA &
i, (A R AR T 15 o R FURLAS AT HLARFN ] 3%
PEA MR AL Y & PO ARSI SR, By
fiff A AL R A A B A B 1T BEAE - R [ A P i
FEVEMPY, SR, oo i R R R
iR 34 FE R e AR 15 R B 2 36 Bk b = 49 (9 A
Courtier-Murias 2822\ 5T 0, LG 44 a )
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