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(1 FHMAO KRS IREE 2 E B, 75 MR T o Sl - B R T FF S B S0 e s, KR 130118)
(2 KFR2EFEMERE, K& 130022)

E DARRHER AR 2L 0 sl 8, % e BOR JEAT S5 A R AR A A [, SR AT & A
TR AN ] S0 I R O H B 7 (Cu® ) AW 3l 02 R 2R AE R IR) A i S XS ot
T AR T Cu® 7 7 3 R R B A OO SR R A . SRR S EAMORAR L, IR BA &N
RETG T AR PR, (HH 7 b B A R B . e R . R R R G W AN A5 WY LU BTG s BE VW
Cu® W B | 22 o B ) A0 52 17 3R B (o, W B  Cu I I B R A B s R B Bh R AT A R
BT, W R R T T R R A A S s TR N A IR 2R AT 5 Freundlich fl Langmuir /7 72,
W B SIS A WA BRGNS A s AR AR, R A T R B S Cu R DAL i\ T
K RIAELE, B2 (Cu-0) MIETRIEEA1.91 ~ 1.97 A4NOEFH L, 5 F A1 (Cu-C)
TR B 42,80 ~ 2.83 AMI2ANCIRFAIAL, TESECu™ B LI IE R A WY 0% b 7 8 i R R im0 A
FUERER] L. LR ds i, R SR LA AU8OR 8] T 8RR, 0 Cu® 78 3 W RR 8 5 40 o 41 7

T} 19 J= BB A 45 R AR L
kiR
FESES  S153
JE B = AP R AR (O R PLR

60% ~ 80% ) , TEEIRE TR . THMAEYA

HE MR E M AT, JE Y R

BBE AT RO, FEAR KRR R T H A

(Pl 2 R 2 R, IR R A

AL R S & m e T EAE G R, Al

) P 46 Ja S - (R PR R A T Oy i i it R AR
Fi B8 63 5 W0 o AE R W] p HVES R i s ik, il

P = AR ( Humic acid, HA ) . & H#®

( Fulvic acid, FA) fl#f# % ( Humin, Hu) =

NS, BHET, T b g v R B ) i 2 oy

( BVHAFIFA ) B9 450 ¥R Ak K % 4 8 B 1% W B

VERTE HEAT TR 2B 2, T TR o 4k g

YIRS (BIH) BIBFsEE 0. sk, ©F

W R T WM ST WRRRER T S TR R A X R RO T
XEARIRED A

9 F 5% 2 2 Bt 0k R e ali A i L HG ), T X T 4l
A5 Hu 9 BF 5 00 866 DL 4R 38 2507 L ABRSE I oG &
Uk . BB R EX - ZOLiE (Energy dispersive
X-ray spectrometry, EDS) . [F&APCHEBEILIR
( Nuclear magnetic resonance, NMR ) 1% -
K/ Jfi% ( Pyrolysis-gas chromatography/mass
spectrometry, Py-GC/MS) J7ikxf +EHuib 1745
FRAE , BT A B I BE T Husxt Cu® i) W B 2
JIE AT R, I [R5 5 X3 2k i o
% ( X-ray absorption spectroscopy, XAS) FAM
SE Cu” FE Hu e T W B A0 Jmy R 007 2854, () B b A
Hu 5 HATEZ5 )RR AE LA K W% B 25 Cu™ JRy Sak i 7 245 44
25, DU B AGA TR Hu i 20 R 1 DL S 4
Ja& B B AH BLAE H OC SR B2 A
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1.1 il Ig

P AR (Y T E RS 2K
RIS £ ) MR (MY T E RS
MERE S L), HA AR B IR A BT

Xz (36°19" N, 120°35" E) , JRZ41LERA
JUARAA TR X AR R K5 (23°09" N,
113°21" E) o REEHTERE N NG S TR0
M, REERE HFRIZ0 ~ 20 cm (KBRAG AL %
Z) o K AREN LIRS KT HiE2 mme
Tt o AR A FEA PR AN TR

F1 I RAE AR

Table 1 Basic properties of the soils used in this experiment

T4 ALY ooy MY EERRY PmEmRT ik Bk ™ Bk ®
Soil pH /(gkeg)  /(gkgh  /(gkgh) /(g'kg") /(g'kg™") /% /% 1%
*/%ig@ 5.15 9.18 1.23 0.85 1.77 6.36 70.9 9.54 19.5
AR A 4.40 7.89 0.77 0.49 2.12 5.12 56.1 10.7 33.1

(D Organic carbon; @ Total nitrogen; (3 Humic acid carbon; @ Fulvic acid carbon; (5 Humin carbon; ©® Sand (2 ~0.02
mm); @ Silt (0.02 ~0.002 mm); @ Clay (<0.002 mm); © Brown soil; (0 Lateritic red soil

1.2 HIEFEEYRE S H MR

HuMHA M $ 4 4% B Zhang % ) 53, +
¥ 0.1 mol-L™' NaOH-0.1 mol-L™" Na,P,0, iR &
W E R E DI WREA TG IR, AR 6
mol-L™' HCUHZpH N1, BRAEY NHA, i 4
BB A I B S Hu, KFHA 0.1 mol-L™ NaOHAI
6 mol-L™" HCUS & ¥ fif—iiE3 vk, H/H0.5% HF-
HCUR A W L BRI i Bk 5y, Hulll B 10%
HF-HCUR G W L BRE BT K 3, SR B ke s A
B, 2LRCIE T HIE, BT, P Hu
FIHA 42 B4 5 0 0.44%F10.11% , FRerigEd 4y
H°40.36%H10.04%

HuRHA S50 32 1F 2 I8 Scik b iy g 07
H oo E 4 i Elementar Vario MICROJGZE /3 #r
G E , K& & Shimadzu DTG-6034 3 Hr{YL
W5 ; EDSHMAT R HOxford X-maxfERE{X, ik
HIAE i R AT ) W 4 Ab 2], I 25 kV;
#1725 "°C NMRJ 1% fiBruker AVANCE 111 400 WB
Wt AR A 5, R 38 SUARARJEE fA AT ( Cross-
polarization magic-angle-spinning, CPMAS ) #%
AR, BCHAEHA100.6 MHz, [iE# %8 kHz, *
FEBFTR]20 ms, #MbAfEI2 ms, fEHAEIRS s; Py-
GC/MS/r ¥ % H1CDS Pyroprobe 5000 i 4
Agilent 6980NSAH (AU A Agilent 5975515 2H
B, BRSO B AR 500 CIFARRRLS s,
&7 Wy OR3-S 6 A AT A 34 AT
FHNIST 5T 3% 5080 e i1 1 4 7= ) 1) S0

1.3 RIS
AT, B THARRBCRMBAL, B
25 ZEHuXT Cu® Y W R PR T o Wi B 3 50 SR FH 1L
vk, IR ANT . FRECAE R B Hu ke & 1 50RO
B, RO SR ( BINaNO, ) % .
Cu(NO;), 3H,O% il FZE 1K 2= BRI 25 mL,
Al e AR TP B NaNO, M BE 40,01 mol-L™',
Cu™ ¥ 40 ~ 800 mg-L™', JH0.1 mol-L™" HNO,
0.1 mol-L™' NaOH W pHNS5.0 = 0.1, ¥
EOEE THEKBIRG R E E, TR R
W (25 ~55°C) F4EfEF@E (5~1 440 min )
T HEAT MR IR . W BN A AR, HUR B0 I
FE e (12 000 r'min™', 15 min) , HITAS-
990Super AFGJF 1Mz 15 43 6 6 BE T % b3 i Cu®”
+HEH X Cu® B R TG LI T 2 S, |/
Wifkne (E,) . WA mABE (AGY) | LR
(AH") FHALRE ( ASY) fRUTFARE .
Ink, = InA-E/RT (1)
In(k,/T)= [ (In(kg/h)+(AS*/R) ] -(AH"/RT) (2)
AG*= AH*-TAS* (3)
K, koI R Ty R H A, TR R
BE, A. R. kyFh% %4 Arrhenius i 8. FiAH S

RH . Boltzman¥s UM Plank s 5. Mink,51/T
G, FRIBESE; In (ky/T) 51/THIA, 7Tk
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AHFIAS™H. 2 ZR51E
+HEHuXCu W A F W Ty 2 S 80, Rk

WHMEZ (AG®) | FREXSAE (AH®) FibsiE 2.0 HIEHSE A BELR S HISSFT

W7 (ASe) HELUF AR

A G° = -RTlInk, (4)
AGe= AH-TAS° (5)
A, RVFABESMEEL, THRMEE, k.~

Langmuir® %, LI A G5 THE, K15 A HOR
A S°fH .
1.4 X-5F 2 IR &N 2

XASHF A5 [F] 25 4 5 256 5 1 1 W 1 B-XAFS
SERSVEHEAT, AEAERRHL T RERE M2.5 GeV, HLULIR
JEH250 mA, HEAGE AP IAGHEST (111) o F5F
DA it 28 AR A 9 O T 2R I ST g Jie ol % &,
Ly tle & 45 76 28 SR =0T 4 Cu K (8979
eV ) MIXASHE, AERHAHEE K- 835~9 965
eV, RIGIXASTHE FIIFEFFIT 1.2. 124 A fihr
BEICu AR B A (CN) | BRI
(R) FiIDebye-WallerHF ( o?) Z5&% ")

2] LUE B, A5 T il £ 11 5 7E 4 5 40
Sy BT R ARG B S U B RF AT A Y R
B . SHAME, HufCHIH S A E, MmN, SAl
OF &L, M3 HuH/CHIC/NIHEE & Mo/C
FEAE A% . H/C . C/NHIO/C L AE 4y B AE T /8
YRR R L R U A T s g
T LA K v U B AR T Y R I L AR M R
PR, L, ARBFIRAS R, SHAMLL, Hu
P BT M RN RS M s T R PR 59 , X 5 DA Bt
Foas OB, PR H > ], AR Hu
HAMC ., HFMNS & & TR, 0o & = iy
AR, kR Hu . HARIH/C e AH %8 1 C/N
FO/CILIEEAL, VWA Hu, HAM R PERR
SRS E ME R M . B RIEFSTIR . U8
B W) S5 1 A 2 A5 O BB ) 7K 3R A %% D0 A
S U2 R N R R A, R AR R B0
FEFAARERE T, X AR R
HA NG R 0 10 285 SR A — B

£R2 THEHuMHANTEHRK

Table 2 Elemental composition of humin and humic acid in brown soil and lateritic red soil

FE & Sample K5 1% C"% H"/% N/% SY/% 0"/% H/C? C/N? o/c?
fri® HA 8.15 52.7 5.61 4.81 0.27 36.6 1.28 12.8 0.52
Hu 55.7 58.6 6.64 3.14 <0.01 31.6 1.36 21.8 0.40

ML HA 3.72 50.9 4.10 3.19 0.09 41.7 0.97 18.6 0.61
Hu 63.0 56.5 5.13 2.38 <0.01 36.0 1.09 27.7 0.48

(D Brown soil; @ Lateritic red soil; @) Ash. 1) JCJK JG/K FEAsh-free and moisture-free base, 2) Jii T L Atomic ratio

HARERER R, RELL T Ak, A%
13BN HURE 5K fr i (62) h8R B e . @t
EDS/rHr & 8L, Wik £ 8EHukE 5 b T & 0 AL
LR FEJESi. Al, Fe. ZnHITi, PilxXeey i
B SHul AU 456 8%, DAEERENSA
ML-THLE B BATE

HufMHAM'"C CPMAS NMRJ¥i% (K
1) Al X 43 R 74 F 2 Je PR X JR), B e 5 ik
(80~50) . HF4IEmM ( 850~60) . BAKILE
Witk ( 860~95) . ABe%fk ( 895~110)
Hak (8110~ 145) | WiKLhk ( 8145~160) F1

ALK (8 160~200) o P EAMHIEER (K3)
KW, SHAML, Hufbedtag . oK LE Pk
MUGE AU & B A, T AR R L 5 e L T Ak
TR HLRR & AR, XS DIEM BT g | > > 2
—H . FARAVRE RN ZESR, 15 Hu
(R Wb /5 B ik U ACHA R, BV HuH A 3058 1
RERGEYE, X5 IuER A Hr h HufH/C LU AR A S 1)
SRR BN, ARy, RETG R Y 5 B ) I
oy HB A AL R AR L L ARESE R, Huld g
PR HAS , KUHuA IR K THA, H
WA, Hunl BB 28 5 b B A ),
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B R AT & “ARRZE$u” P 5
FESEAEL, JRerBErPHu, HAMBE LR | A
T RV Iy SRl 25 B AN, T 0 el B B il % o K
W, M AR P Hu . HA B JR E B/ 55 7 Bk Ee
B FAHR B AR 204, EIERE P Hu, HA HA3 B0

(a)
Hu

250 200 150 100 50 0 =50

WAL Chemical shift

WIRRTG M, JEFEALFE B AN . AP Hu . HAM Bk
Rtk Fr g ARm g G RGE, S RAM APt
O/CHIH/CIL MMM —2, X DUl T+
8 13 58 ) T ) Ak 22 21 S R B B K AR
2l

(b)
Hu

250 200 150 100 50 0 -50
WAL E  Chemical shift

Bl +HEHuMHARC CPMAS NMRUEIEE (a: Bl b: ARL0HE)
Fig. 1 "C CPMAS NMR spectra of humin and humic acid (a: Brown soil; b: Lateritic red soil)

#*3 TEHuMHAHREAIILE GEH XL 51

Table 3 Relative proportions of different organic carbon functional groups in humin and humic acid relative to type of soil /%

. ) . . o g G/
FE 5 Sample Y HEERY BAKa®®  WUREAB©  HERT o mEm© o mEmp® -
K HA 26.6 8.10 14.4 4.13 21.2 9.09 16.5 1.76
Hu 26.8 6.42 25.7 4.32 19.5 6.20 11.1 2.46
Vivan: HA 15.8 5.33 15.6 4.09 33.9 7.46 17.8 0.99
Hu 25.2 3.93 17.2 6.11 27.8 5.24 14.6 1.59

TE e 1) JERERR/ 05 T fk= (Be ki +Ioe SRR+ B K AL & W B+ XUBE 4Bk ) / (D7 BB+ BL5% ) Note: 1) Aliphatic C/aromatic C
= (alkyl C + methoxyl C + carbohydrate C + di-O-alkyl C)/(aryl C + phenol C). @ Brown soil; @ Lateritic red soil; @ Alkyl C; @
Methoxyl C; ® Carbohydrate C; ©® Di-O-alkyl C; @ Aryl C; @ Phenol C; @ Carbonyl C

WRYEHuMTHA R BB T @i E (&g ), il
SE 90T LA 7 1) o 3K LE R W ] I Jg 6 K
KAWL EY, MFHFRLEY . BREEY .
RRZERLEY . ZHWEEEY . SRLEYM
BRI &Y. FERIIPAR (F4) RV,
HSHAMIL, Hup RRERAEY . BRI
ARG YR E AR, 1002 B 20 17 R 2E 1
AU EEE, XS U BT A a0 2
M—20 tesh, Huh R BR M e & P 5 i
AR Z B AP & B, X5 °C NMRSP
A H Hu B PR 4635l A B 5 k55 e MR T A K A

P i i 4 R R — B0 . SRS L, JRa
HeHu, HAMSZEHALEY . KRIEEEXLEY . &
RALG W BRI TR AL B & AR, 2 hE2K
REY & RE R WA, HEHu BRI A&
EALT AL, MHAR LAY & &0 & T
YL, fREHu ., HAM KRB R B G & i,
EPC NMRA i B AR SE R  A E A — . —
MNR, A P R R RS W Ok R
TR ETEY 7, DR X AR R B
XFHu, HATE B 57 k2 0T B8 K T #4071l X1 2R
213
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Table 4 Relative proportions of different schizolytic compounds of humin and humic acid relative to type of soil /%

FESh Sample  FHEWILEM® ARZRLEW®  BMELKENO  ZHEEHEDO FERALEWD  BURKLEM®
fin® HA 10.5 22.5 31.9 12.2 16.4 6.45
Hu 8.28 8.29 2.56 54.6 8.51 17.7
HLE® HA 6.67 17.5 19.8 42.9 8.02 5.06
Hu 7.24 4.32 3.87 69.7 6.01 8.90

(D Brown soil; @ Lateritic red soil; @ Aromatics; @ Lignin; & Phenols; ©® Polysaccharides; (D) Nitrogen-containing compounds;

Fatty acids

2.2 TIEMBEICuTHIRME S
Huxf Cu® WAL, S5 I i
TR, WBFPPAET I 2120 min, HEAF, Cu WL
o B I I, U R B o A S A S
MR SAT L, R — 9 3h 12475 78 al DUAR 4 st 400

=5

A HuXCu” (W I 2h J1 24k 72 (R*>0.99) . BfiR
JERREN, RS sh SRR (k,) g,
PR e UL T L 45 ) 3k % P A g st ] S
SESEM L, ARAHEHuXCut Wk AR, #
A 205 21 38 Husk Cu™ (18 Wi R 328 A0 X6 A 1

TEHu Cu” BRI HFE S

Table 5 Adsorption kinetic parameters of Cu(Il) on humin relative to type of soil

445 R B — %5 15 e =2k h )15 78 Elovich /7 2% UL A B R
Soil T/°C q. k, R’ q. k, R’ a b R ki C R
fiE® 25 3.96  0.002 0.737 457 0.003  0.999 9.71X10"  0.98 0.801 0.14 409 0.649
35 412 0.003  0.698  49.5 0.004 0.999  578x10" 1.21 0.959 0.17 444 0.732
45 6.10  0.003  0.717 552 0.006  0.999 2.69X107 227 0.921 032  46.6 0.677
55 6.07  0.004  0.472 68.5  0.007 0.999 3.55X10° 233 0.865 035 592  0.716
TR 25 6.03  0.002 0.374 64.9  0.002  0.999 526X10"  2.01 0.782 0.27 56.4 0.529
35 4.84  0.002  0.659 66.7  0.003  0.999 1.10X 10"  1.50 0.869 021 602 0.620
45 7.91  0.004  0.759 725 0.004  0.999 3.60X10°  2.46  0.900 037 62.4 0.770
55 5.05  0.005 0.472 76.9  0.005  1.000 6.46X10° 278 0.894 038 66.8 0.633

e q Mg g B il i AP B i Cu® WM E, koo Ko ko 50 B R B — 980 J0 2 . (Bl g 2 FVBURE P9 T 10 R £ o 3

a. bMCHHE, R AJEZRE Note: g, and ¢, stands for adsorption of Cu’" at time ¢ and at equilibrium, respectively; k,, k, and

k;q for rate constant of pseudo-first order kinetics, pseudo-second order kinetics, and intraparticle diffusion equation, respectively; a,

b and C for constants, and R” for coefficient of determination. ) Pseudo-first order kinetic equation; @ Pseudo-second order kinetic

equation; ® Elovich equation; @ Intraparticle diffusion equation; (® Brown soil; ® Lateritic red soil

RIS BORFRIEG L E SRS NS,
HILS A 2 — e VSIS, Rifk2s i fE v,
J R 53 Fe I o ) PR S s 2 G, 1
Ph—E MR 2 L Inko- /TIN5 R 45
#erh, Ink, = -2 776.7 (1/T) +3.5239, r =0.999;
213, Ink, = -3 052.0 (1/T) +4.0588, r = 0.994,
In (ky/T) -V/THIAFFER : F3EF, In (k/T) =
—2464.2 (1/T) =3.2212, r=0.999; FRLIIFEH, In

(k/T) =-2739.6 (1/T) -2.6863, r=0.992, 5%
MG AL T = SRR 6 R . — Mk, YL
B EL A7 50 5 %) T 308 1 L G 380 P A 1y e ) e, PRk
W B 3 P A e i (5 ~ 40 kJ-mol™') /b 200,
6, HubtCu® WE I E, <26 kI -mol™", FHINZ
BiF B2 1% 27 31 A B BOSON 2, B Cu® kA B
MfEHuR T . WM SIS 8, AGHE>0,
e I B SY T EL AE R A i A Cut TR AR S A
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cu™ M RETHE T R TR AH°
{E>01 A SH<0, ULIIMERH R 2 Ak ( B FERR
) G ACRFEAR RS AR, R SI AL T 5 e T 4R
AR SR L, AL R Huk Cu W B

=6

ME,. AG'. AH'FIASHE R, LU FRa e
Huxf Cu® W% BE T it g e /b o W8 AR A, R0 7 MR o 3k
BRI, 3K AR A AR R T R L 3EHuA Cu® H
A AN TR I B3 AR B B A

TIEHuR M Cu” BE RN ZESY

Table 6 Activation thermodynamic parameters of Cu(II) adsorption on humin relative to type of soil

+#ESoil RETIPC E/(kJ-mol™") A G*/(kJ-mol™) A H'/(k]-mol™) AS*/(J-mol™ K™

TRl 25 23.1 87.3 20.5 -224.3
Brown soil 35 89.6
45 91.8
55 94.1

DigAR 25 25.4 88.3 22.8 -219.9
Lateritic red soil 35 90.5
45 92.7
55 94.9

2.3 TEBEETCHIRMEFRL

HuX Cu®" 14 W B B Cu® ¥k 8 0 52 o ek 38 1) 34
TN SAREAR L, FRZLHE T HuX) Cu® iy
Rt R, X AT B S AR 203 P Hu () Bk 3L il & 248
mAX (R3)

&7 L, LangmuirflFreundlich’y 72 6E
KA Hudt Cu® i W B 45 IR 46 (R*>0.93)
Hp X PiFreundlich )y 2 0y 8l & 205 & 4f

(R>0.97) . #ZMLangmuir /i f£, HuX}Cu” il

KWt i qfH (25°C ) FEAFHER AR 2138 b 43 51
354.6f11403.2 mg g™, X 5Langmuir® £k, {EH M
Freundlich & &k fH U7 & —3 1. Freundlich®
Bnf>1, FHIHX Cu® f W FHE T 3450 2 ik
B LR B Sz 0 5 F AT ) . PRl M, ARar iR
HuXf Cu® W Bt i n i &5 T A3 Hu, B0 AR 2186 Hu
T HA TR EAES S, HXF Cu IR B s R B
AT, XAWMHRE T AR HuA Cu® B A )
Bt 4 S AL

®7 TEHuCu HRMEFRESH
Table 7 Adsorption isotherm parameters of Cu(Il) on humin relative to type of soil
Langmuir Freundlich
+5% i C./q.=C./qn+ 1/q.k. Ing, = (1/n)InC, + Ink;
Soil T/°C
4n/(mgeg™) ko A(Logh) R kg n/(mgg ' (L'mg """ R

g 25 354.6 2.83 0.932 2.94 1.47 0.999
Brown soil 35 366.3 3.55 0.941 4.22 1.56 0.996
45 380.2 4.23 0.945 5.84 1.65 0.990
55 398.4 5.78 0.948 9.45 1.91 0.977
GiaAR: 25 403.2 4.94 0.942 8.36 1.78 0.999
Lateritic 35 420.2 5.52 0.932 114 1.93 0.997
red soil 45 432.9 6.18 0.942 13.1 1.97 0.997
55 446.4 7.36 0.934 23.1 2.40 0.970

H e CANq A3 R B AR Cu® W B R Cu W BfH Y, g, B KW BfH Y, k M Langmuir® %0, keHin i Freundlich# ¥, R> Nk

EZH Note: C, and ¢, stands for Cu*" concentration in solution and Cu*" adsorption at equilibrium, respectively; ¢,, for maximum

adsorption capacity, k, for Langmuir constant, k; and n for Freundlich constants, and R’ for coefficient of determination
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AGHTRHIH B R: HEEH, AGe =
-0.0727+18.891, r = 0.993; FHKZI¥EH, AG° =
-0.0497+10.675, r = 0.995, >RAFHE MBS 27
SZHNER/R . HRSHIL, A GEH<0HBEEE
T e LA o (B K, U A R R s R B R AT
i, IR A AT R AT
AHE>0, WIS R g o i, X
530 8 T s A Cu W R R — B . Hudg D g

W, W B I R Y R R R R R T S T K A T
{18 53 i LA K 7K 53 =1 DA W B 390 4 T A8 89T 7 A Y o
A SO >0, D056 ] W B ok R R TC Y P B A R
BomE R Y SEEA L, ARLEHuX Cu
W BB A GOME AR, Ui AR LI EHuX Cu® B
TR (0 S5 A S, DR A T B SE B E AT
X B T AR L0 S Hu b Cu 5L A 4 1w W B (1
JEA

#*8 THEHuRMCu " MRAKNZESH

Table 8 Apparent thermodynamic parameters of Cu(II) adsorption on humin relative to type of soil

+ 35 5 AG° A H° A S°
Soil T/,°C /(kJ-mol ") /(kJ-mol ™" /(J-mol K ")

Frige 25 -2.58 18.9 71.9
Brown soil 35 -3.24
45 -3.81
55 -4.78

DipAR: 25 -3.96 10.7 49.0
Lateritic red soil 35 -4.38
45 -4.81
55 -5.44

2.4 TIEEAERE A BEL X Cu IR MY Y X - 53 2k IR

W E

FIF AT FE i B 0 — 4k Cu Kl X -5 26 W i i1
45#9 ( X-ray absorption near edge structure,
XANES) i i5IEARIE (E2a) , $EHICu’ fEHu
FIVHA 3 100 B A 0E RAFAETE S AR 570, %
XANESIEHEAT—Br S8 (Kl2b) , Al LAOEE
FN2AW i 4y 240 (BD o WA B UG, Hi o I
Is—4pBLiBE AL - BRIT )™ 4E ) L TRl 2 X H B
T 1 s—3d Bl oL 7 BRAE 7 AR i W i, X
Cu® 7 WIS 58 400 I 20 43 3% THT 2 LA DU £ Bl 7 A
TR IAEAE 00 L N Cu K AE 88 X - 355 W2 SOHS 40
254 (extended X-ray absorption fine structure,
EXAFS) i ([El2c) ZMlixn M2 85 15 2 By 42 1i
Zitg R (Kl2d) ATLUE R, SRR ES
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Table 9 EXAFS structural parameters of Cu(Il) adsorption on humin (Hu) and humic acid (HA)

FE& Sample 722 Shell CN R (A) o’ (AY AE, (eV) R;
K@ HA Cu-O 3.92 1.94 0.004 5 0.65 0.003 5
Cu-C 1.96 2.80 0.004 5

Hu Cu-O 4.18 1.94 0.003 7 1.87 0.005 8
Cu-C 2.09 2.80 0.003 7

vaR: o HA Cu-0 3.84 1.94 0.004 8 5.85 0.006 3
Cu-C 1.92 2.83 0.011 3

Hu Cu-O 3.96 1.91 0.004 1 -2.26 0.005 1
Cu-C 1.98 2.80 0.007 2

H. CNHFEAIEL, RANETHEIEE, o> NDebye-Wallerld T, AE N

BERAIH, RoMFEZNT Note: CN stands for coordination

number, R for interatomic distance, o’ for Debye-Waller factor, AE, for energy shift, and R, for residual factor. (D Brown soil; @

Lateritic red soil
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Structure and Cu (IT) Adsorption of Soil Humin

FAN Chunying' XIE Xiuhong® YAN Aichun' ZHANG Jinjing'’

(1 Key Laboratory of Soil Resource Sustainable Utilization for Jilin Province Commodity Grain Bases, College of Resource and
Environmental Science, Jilin Agricultural University, Changchun 130118, China )

(2 College of Landscape Architecture, Changchun University, Changchun 130022, China )

Abstract [ Objective ] The knowledge about chemical composition and interactions of humic
substances with metal ions in the soil is of paramount importance to elucidating behaviors and fates of trace
metals in the environments. Adsorption is one of the most important interactions between humic substances
and metal ions. Among the three fractions of humic substances, i.e., humic acid, fulvic acid and humin, the
last is the least studied because of its hard-to-dissolve nature. So far, it is still unclear how humin adsorbs
metal ions and its mechanism. [ Method ] In this study, humin was extracted from two zonal soils of East
China, i.e., brown soil (Argosol) and lateritic red soil (Ferrosol), with 0.1 mol-L™" NaOH+0.1 mol-L™'
Na,P,0; extraction, treated with 10% (v/v) HF-HCI and then prepared into samples for analysis. Structure of
the humin was characterized with elemental analysis, solid-state carbon-13 cross-polarization magic-angle-
spinning nuclear magnetic resonance ("C CPMAS NMR) spectroscopy and pyrolysis-gas chromatography/
mass spectrometry (Py-GC/MS) techniques. On such a basis, the batch equilibrium method was used
to study adsorption of Cu(Il) on humin as a function of exposure duration, adsorbate concentration and
reaction temperatures. Local chemical structure of the Cu(Il) adsorbed onto the humin was explored with
the synchrotron-based X-ray absorption near edge structure (XANES) spectrum and the extended X-ray
absorption fine structure (EXAFS) spectrum. Furthermore, comparison was also made between humin and
humic acid in chemical compositions and Cu(Il) adsorption feature. [ Result ] Compared with humic acid,
humin is relatively higher in content of C, H, alkyl C, carbohydrate C, di-O-alkyl C, polysaccharides and
fatty acids, but lower in content of N, S, O, methoxyl C, aryl C, phenol C, carbonyl C, lignin, phenols
and nitrogen-containing compounds. With rising duration of exposure, Cu(Il) concentration, and reaction
temperature, Cu(Il) adsorption on humin increased, too. Kinetics of the adsorption could be best described
by pseudo-second order equation with equilibrium achieved in approximately 120 min, and isotherm of
the adsorption well fitted the Freundlich and Langmuir equations. The adsorption activation parameters,
i.e., activation free energy (A G"), activation enthalpy (A H") and activation entropy (A S"), indicate that
the process of adsorption is an association reaction that requires energy and absorbs heat. Moreover, the
low activation energy (E,) (less than 26 kJ-mol™') implies that the adsorption reaction is controlled by
boundary layer diffusion and Cu(Il) was physically adsorbed onto the surface of humin. The adsorption
thermodynamic parameters, i.e., standard Gibbs energy (A G°), standard enthalpy change (A H°) and

standard entropy change (A §°), indicate that the adsorption reaction is a spontaneous, endothermic process
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with increasing freedom of motion. Similar to humic acid, humin has Cu(Il) adsorbed on the surface in the
form of a twisted octahedron, with the first coordination sphere consisting of 4 O atoms 1.91 ~ 1.97 A apart
and the second coordination sphere consisting of 2 C atoms 2.80 ~ 2.83 A apart, which demonstrates that
Cu(Il) is preferentially adsorbed onto the organic functional groups on the surface of humin in the form of
inner-sphere compound. [ Conclusion ] All the findings demonstrate that humin differs from humic acid in
chemical composition. Humin is relatively higher in aliphaticity and polarity. However, the Cu(II)s adsorbed
on the surface of the two fractions of humic substances have similar local chemical structure.

Key words Humin; Copper ion; Adsorption kinetics; Adsorption thermodynamics; Synchrotron

radiation X-ray absorption spectroscopy
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