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B E: HHIORE P EHIRA S R, AR SIS MR TR IE 5, 313 4 DR Tt SRR . iF

FEM, S TFRAT 50 kDa F/NT 1 kDa MIEAERR S5 b BB IR Y 49.66% . 47.07%, RIS & AR/ DN S RERR BRI

FRAZNEEFEIE 1 kDa LA AYEAERR A 50 kDa DR SHERRATPE AY . | kDa LAF HSHEMR SRR MESE | SRR R S B e &

Il TR AL R TR FE AT L B, TERERR DS LR | 4R G BB A TR RIS ORI K, A ERERI G i . Eo/Es (HFAS T

WK . WK, HR T ARG TREHEPRT £ Cd AR, Xt Cd 1M B AR 5 - A R

M, FALBIAE 500 mg/L A iA BN HT-4 s 1398 Cd AR TR B o BE AR R 2 T B 8 KOsk 2D o /NGy T R R I R P 1 e A
CE, NSRS A RE TR, nl ARRR LR Cd MTRERE ST, IREERS SR st s A T AR I R B

WeRE A AR, R 4 m R sh bR A A itk
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Structural Characteristics of Humic Acids with Different Molecular Weights and Their Effect

on Cadmium Availability in Soil

WU Hongyan" 2, LI Qingjun®, CHEN Shigeng" 2, WU Qinquan"**, GAO Bin?, CHEN Weimin" ?, LIU Tongxin'?

(1 Key Laboratory of Humic Acid Fertilizer, Ministry of Agriculture, Tai’an, Shandong 271600, China; 2 Shandong
Agricultural University Fertilizer Science and Technology Co., Ltd., Tai’an, Shandong 271600, China; 3 College of Resources
and Environment, Shandong Agricultural University, Tai’an, Shandong 271018, China)

Abstract: To explore the structural characteristics of different molecular weight humic acid fractions, lignite powders was used to
extract humic acid for ultrafiltration classification, and four humic acid fractions with different molecular weights were obtained. It is
found that phytic acid with molecular weight greater than 50 kDa and less than 1 kDa account for 49.66% and 47.07% of total
phyphyic acid, respectively, and the middle two components are very little. The physicochemical properties and function of phytic
acid are mainly determined by phyphyic acid below 1 kDa and above 50 kDa. Humic acid below 1 kDa have the highest contents of
total acid group, carboxyl group and phenolic hydroxyl group. Compared with carboxyl group, phenolic hydroxyl group accounts for
a higher proportion of total acid group. The degrees of aromatization and condensation of humic acids are increased with the increase
of molecular weight, while the content of oxygen-containing functional groups and the value of E,/E¢ are decreased with the increase
of molecular weight. The pot experiment was used to study the effects of different molecular weight humic acids on Cd availability in
soil. The adsorption amount of Cd is decreased with the molecular weight of humtic acid, reaching adsorption equilibrium at 500
mg/L. And the desorption of soil Cd also decreased with the increase of the molecular weight of humtic acid. Small molecular weight
humic acids rich in acidic functional groups, thus have stronger adsorption and complexation abilities of soil heavy metals, thus can
reduce soil Cd adsorption capacity, improve its mobility and bioavailability; while large molecular humic acids mainly acts as
adsorbent and immobilization, which can reduce the mobility and plant availability of heavy metals.

Key words: Humic acid; Ultrafiltration classification; Cadmium pollution
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B(CA) R M L SRR P T R S A
JRIGYIZ —. P 2014 4F (4 E 5 YLR LA
AN MR, B E L E 4R TS Y B AR R
16.1%, H +3E Cd i5 ) S h B in 355 7.0%,
PEREE . ARG, FRE Cd Sy & 11 NEG
25 AIXP, LY Cd WS BEY R, HAE
SRR AR5 RS = A R 18 20l ad ey
RO UE— A R B R A R S —Fh
SR G 2R m A TAVUREY, &8 FE R
B WL BRILRI AL IR A R E AR D) X
LKL P {of £ S AR R 76 it P 2 H 3 b R RE R Cd &4
W, A BEAAERON, TN 3R cd™
MBS . BBt R YA RS R 57 i)
FER (HA)X 4 J8 B T 25 A W e A iR 22 5+,
HAEE YRR EE AR, HXHEY AL
2 IR, ABRFE L, A HT KT AR 4> F 509
FOFERET, DA AR, B IRAS 4 b
AT F R A B RER , 1 254 R AE A A IR ST A ]
ST IR A AL o Je 25 A 25 57 5 7E S AR IR M AN W]
HAMRIMEFT , FEA7 T 33ExF Cd>* %45 Y % B A 1 3t
%, B AN [A) 43 TR A AR X 3 Cd A3 Rtk iR
W R PR 2 A B 4 e T e B L ISR A AR AR
1 #wetEFE*®
1.1 ka4
111 A KO B g T S P B T
(127°17" E, 49°56" NY#& A 42 BUS LR AG R,
Fyweiaad 80 B, W HLALME B (K 1),

Fz1 HiABEELER

Table 1 Basic chemical properties of tested lignite

K5 Ay M W B I AR
22.52% 32.65% 55.72% 53.48%
1.1.2  +3% KRETC Cd 15 HEZ RO ~

20 cm), AT A 10 B, AR R T
BRI , AR 4 kg/Z86 AN BLAR 22 om SERLAL,
Hil N T Cd 153 38 mIZE 45 BavE BRI T,
CA&WIE N 10 mgkg, TRALERF LA, HE
WEHER A, e IR B T (55 2).

1.2 Rt

1.2, JEMERR AL R A A AR R VA R (4
5 Ho) B B IE 73 g es i, 3 ilid i fLA2 R 50,10,
1 kDa RYBIERE , 345 4 FPOASIR] 31 1Y S A R 4197«
<1 kDa(%%*5 H;).1 ~ 10 kDa(%i 5 H,).10 ~ 50 kDa(%i

5 H;). >50 kDa(%i'5 Hy)o #F Hy~ H,y 554143 pH ¥
% 8.5+ 0.05,

F2 i HIERAEAER
Table 2 Basic physical and chemical properties of tested soil
pH EC A HERE AR AV AW
(mS/em) (g/kg) (mg/kg) (mg/kg) (g/kg) (mgke)
6.85 0.248 1.64 14248 11.52 2454 10.23
e pH $#7K 0 £=2.5 1 1(V : m)BY LLBIE s B R K:
+=5: 1(V : m) LI E

1.2.2 WEBHRNGRE: B 6 TG Cd 5 Y LRSS
100 g, 43N 30 mg Ho~ Hy A9 1 FE R /K 73 0 (LARS
i, R 0.03%), JFLUR E/EXIR(CK), 4
SRS KT8 H

W RS . B R 4RSS 0.5 000 g, Fik 1
50 : 1 AIALL 0.01 mg/L NaNO; % fift i A [a] e B i i
FR4AVS (50, 100, 200, 300, 400, 500, 600 mg/L
Cd*™), LIFE#E 180 r/min fHIE 25 CIRW% 4 h G iE
— I, BOECENE, SRR T WO O B I
Cd ¥Rz, LRI B AT /5 LIS Cd WRBE 251, T
SRR o

ks . & BWE, e IERE, 7R
3N A 25 ml 0.01 mg/L NaNO, AW, 185, 1
FHFEZEAE TR 4 h 5 e E &, B0 15 min JEHUE
W, EEMWKEE EEH 0.01 mg/L NaNO; E&E
100 ml, & ¥ /5% Cd W,
1.2.3 Ak AR T 2020 45 5 H % 2021
AE 1 ATEILARR RN BHE AT B Bl KA 7 .
P EAE R 20 cm BYEERLZL, 21 4 kg, W3 PDHEE
BERE, 4rWILIEESL 0.4, 1.2, 2.0 g(HER 0.01%.,
0.03%. 0.05%)¥s N Ho~ Hy B AR (LAIRTT), FF LA
JEAAERT R, 316 AMEBR, 3KEKE, RAEHTE,
YT 8. 16, 32, 48 KibAT HIJEkE L RAE .
1.3 MEEREFE
1.3.1  RI[RI Gtk 1 B AR TR 25 48 R AE I FH
PR 25 e VR 5 AN (] G T AR 1 e 1% 2, R P
Vs SEAL BT TVE FL AL E T DU R P BE AT, R ks
PR AT I R B 1k (R B V6 ) e R AL B RE AT . MR e i
HRTRMERE A RIS %
1.3.2 AT WOGEE  MER RIS A R R
20 mg, T 70 ml 0.05 mol/L NaHCO; IE 1, 7847
V)5 A 1% NaOH 5 0.1 mol/L HC1 4 pH % 8.0,
FH 0.05 mol/L ) NaHCO; ¥ E 2 % 100 ml, FH 11
FFE 752N AR AT WG RT3 I E HAE 465 nm
F1 665 nm K TR E, LL0.05 mol/L NaHCO,
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AR 1, B3 W T3 R e 45 5
1.3.3 (HEMAMLLIIMEREFTIR)  FRELZ0.01 ¢
JEFERRFE S AN 1 g Yk T8 (1) KBr B T I 3ok o
WHEIR G395, R EFARE DR Great10
68 L AR o 21 AR OGS A AT AR 3K A3 R
4em’; FES RS SEREEECY 32 cm/s, fE 400 ~
4000 cm " P FE ESERES Y FTIR Y6l i
OriginPro 8.5 DG . Fedk, FHAabIEHE
134 AT B ASRKT B,
ErEEeCdHE, AMNES dFE, HES TR
SR FH K RT3 A D Wi VO 2 . -3 R Cd
B SR P DT IR A I R
1.4 HiELE

K H Microsoft Excel 2016 AbH%Ji, OriginPro
8.5 HATL K 55007, 12 A1 SPSS 21 43 HrAH & .

2 ZER591M

21 BHEBERESASWEHRIE

210 BREESNT ERERAAS H ~ Hy IR
AR EGR3), LVH M H 8 E, 205 & 1 47.07%
F149.66%, T Hy Il Hy AR, {05 3.28%. X it
AR B B M SR D RE vT BE R R H AN Hy DA o

x4 [RERRSESBRM

x3 ARHFEFERKRSERILH
Table 3 Carbon contents and proportions of humic acid with
different molecular weights

ik B (2) B i (%)
H, 627.27+3.07b 47.07
H, 1224 +0.14d 0.92
H; 31.44+031c 2.36
H, 661.80 +2.69 a 49.66

I FSVEHE/NG T REARR R 22 57 .35 (P<0.05), N,

2.1.2 MMESAERRHRE  E4EXH TEAS
()R BEH RE A R R M L L A T 28.24% ~
43.49% , By PR R B e M SRR PR SR 0 LR 56.51% ~
71.76%, A UL, Wy A R e £ Z IR E S A
REH . SRR R AN R AL B R A & s R R ST R
MR, o, Hy R R & L Hy. Hs
B 48.92%. 46.29% , M H, # 65.93%, Fb Ho
52.49%; H, RIS EL Hy, Hy, Hy & 37.33% ~
96.82%, M¥FHA R 30.08% ~ 84.04%, FArLA H,
FRBE stk . TR PR o Ho R HG A RRIE R RER & B A
ZEARK, BRI S EAAE 5.6 mmol/g 2247, Hy &L
P P R RN 0 B e BT S /N T LA 2 4

SEERASESHH

Table 4  Contents and distributions of humic acid and oxygen-containing functional groups at different levels
il SRR I Wy e B 5 FREE 5 R SE L) Mk 7 SR E L

(mmol/g) (mmol/g) (mmol/g) (%) 1) (%)
H, 543 +£0.14 be 2.05+£0.05¢ 3.38+0.09¢ 37.75 62.25
H, 8.28+0.21 a 3.09+0.08a 519+0.13 a 37.32 62.68
H» 5.56+0.14b 1.57+0.04d 3.99+£0.04b 28.24 71.76
H; 5.66+0.14b 225+£0.06b 3.41+£0.09¢ 39.75 60.25
H, 4.99+0.13 ¢ 2.17 £0.05 be 2.82+£0.07d 43.49 56.51

2.1.3 EHMATUOGIERHE  7F 465 nm fl 665 nm
WA I JE AR R V5 VA W O B 22 E (E/Ee) J2: JE5 ABL R 1YY
—ANRHEPE B MBI R R K 45 3941 5) Eo/Ee fH
K25 R W3R 5, E/Be (65 AEIR 73 1 K/N W]
BITARDG, MR > T/, EJ/Ee(EfK. H, &)
E4/E¢ (H 6 Hy  Hy 2350188 92% . 120%, F Hy & 177%.
Eo/Eq 0 5 BRI B AR EEA G, 5 B Ib R e,
Ey/E¢ (HAAK. BHUtk, /Nor—H AR R i b 5 07 751k
FREE/N T IR AE R -

2.1.4 HEHALAIMNEERAE BB 1AL S
BE S 2 2 B0 AR LAY 20 A0 6% RN . 3 600 ~

3000 cm ' Ab 3R VEAY S HESE S —OH. -NH. —NH,
fipda iR sh i, RIUT Ho~ Hy 384 K a0 S 4
4 —OH. -NH I -NH, 3[1; 3 000 ~2 800 cm ' iy
R IWikE C-H MR sh R ieid ; 1606 cm ™' A5 2R
R FFIIR B 2R S C=C LI %L IE C=0 Stsh
B AR IR SIS s 1 395 cm™" BRI 4045 s i
O-H & IhyRsh . Wy C-O MRS LK Ak 5%
Hh C-H 25 i 4RSI Ml 5 1123 em ™' 2 AESE C-O
AR PRShIE TR I O-H AR U YR ShE . X LEAH{RLT)
LA CIEFFIE AR R W] T AN IR 3 52 S AF R FH AR 43 2
I8 L T DR TR A EL A BN 25 A 4 RN B RE A5 B
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£5 BHEBREZII-TTRRIEN E/E BT SIEETFHIRE A S, K 2 A, KA B 7E Cd*
Table 5 E4/Eg spectral characteristics of humic acid in UV-Vis N . . e
vEesp region W 500 mol/L IAEMERM A, BLi H, b B
w2 B, o CK T 87.33%, Hy AbFHIK BFH fefik,
5y E4 Es E4/E¢
e CK AREEHE I T 31.02%.
H,  0.753+0.004d 0.193+0.001b  3.90+0.020 d
H,  0.911£0.005a 0.101+0.001d  9.02+0.046 2 2000 . ¢ CK —o—HO —a—HI ——H2 —&—H3 —e—H4
H,  0.856+0.005b 0.182+£0.001 ¢ 4.70+0.025b 6000 f
on
=
H,  0.756=0.004d 0.185+£0.001 ¢ 4.09=0.021 ¢ % 5000 F
£ 4000
H,  0.772+0.004 ¢ 0.237+0.002a  3.26+0.015¢ i)
= 3000 f
B 2000 |
&) /
1000
0 1 1 1 1 1 )
0 100 200 300 400 500 600

N " 1 " L L L
4000 3500 3000 2500 2000 1500 1000 500
WL (em™)

1 BHEBREETEHES SR FTIR &
Fig. 1 FTIR spectra of humic acid and its different components

5 TP HE R A i A R SRR IE IR AW SR 1 A7 AE
—EZES, VLHIHSEHM TR E Be AEERE A AN
£ 3 000 ~ 2 800 cm ™' Ab AR 4% C—H 145 PR s i
W, H, W, iU Hy, AR ZEINENTE, IR
AL AR BE R 5 o 1123 em ' A H AT H W0 5e A
HAb A5 LA Wit B, I R R 43 4
INYTFIEHERR VT RE S A B N2 C-O MigatRshss
H. [FIRELEFESCIX 900 ~ 600 cm ' &b Hy K Ho AE1ER
TR sh &, T Hy. Hy. Hy 78 BB R AL TE ik
b, WS FRADSHELZH CH 5
~CH,.

i, TSR I A A k. R
WAL . Pt . WyRRSL . BRMTESEZ A E AR, A/
S FREHER M F A E AR R L .

22 BHEBEESAS M TERENEMNZE

22,1 IR Cd 25+ 2RW], FAbPE A1
Cd MW BBt Cd™ MR EE R Inn s n , B4 25k
PRI 5 818 L T It e 2ot TV i R B TR AR
PRSI A R P ATEE T, BRT Ho b3, b3+
H Cd W R/NBUF 1 . Hi>Hp>H>H>CK.
W1 H, ~ Hy (838 m 7 56 Cd i3 WK Kt e
F1, BARE> TR SRR W B Cd 1 B A R
NI, 3% ] R LS R4 2H AN )28 17 55 i R o 4%

Cd* #FE (mg/L)
2 AMARESFEEBERY LIE Cd KM E RS0

Fig.2  Effects of adding humic acid with different molecular
weights on Cd adsorption in soil

5 Hy #HEE , Hy A FEXS Cd B9 W 8 I T 6.33%
~ 34.62%, H, AHEXT Cd AWREFHEFRIR T 1.95% ~
15.07%. X Ui HERR 4 4050, Hy e Hy A4 R F
P X Cd W IRRE T .

222 HHECEW2ESR WS R ES
J& WA RE 2 DA O, e 2 R ) I S AR
YEV a4 B 0 ik, AR I AT L) R e+ X Cd
(R RS R o FH 3T T, 45 A B - ECdfige i et 2
Cd™ W MBI RE K. BRHOALHEAN , oAl 45 4b 3
T+ IFECAfF I &R/ 0h : Hi>Hy>Hy>H,>CK, 5
I C AR B R —E

3000 - —>—CK ——H(0 ——HIl —*—H2 —&—H3 —e—H4
2500
2000
1500 -
1000 -

Cdfit"i = (mg/kg)

500 |

0 100 200 300 400 500 600
Cd™ ¥R (mg/L)
B3 FmARSFERERY L CdRRENFI

Fig.3  Effects of adding humic acid with different molecular
weights on soil Cd desorption

& 4 20, CK AT Cd (O REEE Cd™ W
MRS RS W N % 78 300 ~ 600 mg/L B,
Hofp R I B T HA AR B AT UL, FER CdP oK
ST, it SRR RE AR R N Cd BIRAFSRIE . BR
Cd* W FE A 600 mg/L B, Hy AbFRE I R 1k F Hifth
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REER, BE Ho s 1.20% ~ 12.34%, o Hyf 1.07% ~
13.67%. AI UL H, Zb3 Y 1- 558 SR W R i oo, (HI
FrmEESS, XARe S/ MrFEEARESE . FHk
FREEARA

60 - —>*—CK ——H0 —&—H1 —*—H2 —&—H3 ——H4

50

CAfETR . (%)
(V%)
(=)

0 100 200 300 400 500 600
Cd* # ¥ (mg/L)
4 ARVGETIECdBREES

Fig. 4 Differences in soil Cd desorption rates under different
treatments

Zi b, B H AR 3T Cd f I RE ) B
TEA AR KHBRAAR T 3R Cd AR, AT
T Cd MR SERARCE; M, it H, (i
+IEXE Cd W RFHRE AR XA ST, (HEIRE N T e
Cd WYEE, MRER T 3 Cd MRS sk g st
223 HHEAR Cd SEES M 5 AIHL H
Ho %+ 3750 Cd AIERER, Hy A EfbVE T 5
Hs. Hy & Ho 4 3R %0 cd A4k /E A, Hy isifk
YEFITESR . LA 0.4 g/4 i) FE R it FH 12t A 1) (1] SA),
FESS 8 RIS, Hy AP +HEAT R Cd & 1t 1 35 = T A
AbE, H CK $E55 14.98%; Ho. Hy. Hi. Hy A3
Ax Cd FEAME CK BEIET 25.96%. 6.07%.
27.88%. 29.04%; FH HyARBEAT L Cd SR,
H 4.04 mg/kg, HE 16 KL, Hy A +HEA%L Cd
GHEAES, ST CK 4B, Hy. Hs. H, Zbs
B 3 5% Cd F K IH B3 /N F CK.

X P[] A ARt P i, H, A 0 AR
0.4 g/ZEET(E SATEMRCRESS, 1.2 g/7hRT(&l 5B)
AR o ;. Hy ARFRAER R 2.0 g/#RH (& 5C)
XF -4 Cd W FE e VE B, BlALRSCR el -

3 ihie

3.1 BEEBRESHEEMMARNESR

RTFIH P IS AR (1 25k 5 2 A 2 S R, e
[7] S YA TR 7 BRI S A R AR 22 AR KT, A
INAE S v 418 A 5 L 1) 285 R A 55 KU
S5 VR i U O A R 1 9 L 2T A1 M B
M HTEHRREZE L, SR BIOETE T F B R RRAE Ay —
TEMARRE . R IR S PR (AN ] 43 F 1 S A

R, TE4LRNSE MY b S B A R A 22 5% . Eu/Eg
(R38R AL SR R 0 B B4 5 B D R AR B A
BHEbR , SHIFEE 454 BT S Aol
ARWFFEHBRT 43 FEAE 1 kDa LU T BYJEHERR Eu/Eq{H
BERT S, HAASH)/NT 5. KW 1 kDa LLF Y
JERRR AL | 5L B L HAB ALK, EAR S 9
V. G55 LLoh o, /N TR IR o F 45 M
ABZHRIEF AT eR, BV IRt , Rt
TR
32 BHEBASECREANEEZENRMIMEYNE

b g

W B | 2% G S AR TR AT BRI 4 s 1 2R R KRS,
JEIE o U B AR 4 A Ak R R AL
PR/ NN ¥ 1 4 R B TR BRI T 2 1 45
MR R B IER, AR SRR
REFIBC B2, o o 4 i %) W B 4% 1 T i 201
AHIFGE 2553 T B A TR 1) S () R M ik Tt
T HEXE Cd BYMRBHER, (HES NN AR R
(<1 kDa)i - 3EXT E 4 )8/ Cd AYWRE J) feam, ¥
KAF TR (>50 kDa) By W fAE J1 558, X S
NIBFFEE5 PP, RN TA DR | R
DLKCE LR A SRt E AR A, 3 4R IR
BiesGrne i aas, Al LARRAR 3%t Cd rmdFne g1,
PE R A B A YA R . A, KI5 R
HE RN + 5 4 JE A AL ), (Bt g —Seff g
T ERIRNT T e & 8 A 1S AL E R AR
FEHUN T AR A T AR Cd
i, KRR BRI T IR Cd
Mo, HFRMRa AR T 40.70%. 3 i I JE L
R+ 1 4 R ROy S L R 2%, HORIE
Ry F R 22 5 S B RE RAR —5L,
P, X A R A P ST S 25 Py i e &R, M
RRAIRT

4 g

AT 5 4 TR e T3 LT 28 s 0 0 AR AR B 701
7R 50 kDa LI EAEHIFR A>T E1E 1 kDa IR B9
JEAEIRRIL b7 96.73%, X IEHATR (14 3= 2 HAL A 5 A 2
AR UEIEM o 1 kDa LUN B/ T AR IR & AU
REM &t 2 R T HA ALy, TR s tehh, R
FRAY TR, HOF LR | 45 )% | IRt fefs
JEHR, Eu/Eq (H-5 & A H BEMI S BN 1 kDa LIF
/N> T B R IR E 5 A B RE M & iR &, X
Cd B R 285 RE D S, (E RS s, mT LA
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Fig. 5 Available Cd contents in soils with humic acid of different molecular weights
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