b SEN S

SHANGHA| JIAO TONG UNIVERSITY

WXAE: ARBKESAYRBELET
& /% 58 09 B A5 4T R BB UG AR 5

$k Y, ik
g 22 5141619008
+ - Aty 5 ITA42
15 5-H LAY

FIE(R): _RBEMFHEIALFR




(G - .
e/ SHANGHAI JIAO TONG UNIVERSITY éﬂ*%ﬁﬁéi%ﬁ%lﬂiﬁééﬁﬁ%E’\Jiﬁ%@ﬁ?’?&iﬂﬁ*ﬁ?@lﬂ’\]ﬁﬁ%

MARKESEVRIELRECBRENESHBITARBER
MRS

LS

VR ARSEAS B EY R — FRE BN LR E S BT B E AR, A9k
N TG0 nZ VI TiO2 S5 it A= i iT LAE— 35 2 1t 2B 4 e it 13438 H 4 g P e A 28R
TERLAR B/ NN G 1) 526 A= ) FORE 1T g 2 P ) 0 98 B 5 5 a8 , 1 s i 2 /K B
KRR 24 . R SCEPREFF AR S 5 AR TUR &, RIS PR E &
Yook, IR IS 5EEMSEE, 454 DLVO Hig KBS b T iR R K R
G HEYRA AIEFKFG L Cd IsBAT MR . EEER T

PR EE . X-PRATH . LM M R AR B v S50, AR E RSk R B
Fe;O4 S5 B M BIMANKIE RAFAE, VIR FEE MFLBR T E ARG #5799 K 2k

FEFF AW IR FIER 2 A RS AT A PR A AL TR 58 T ARS8 AW VR 56 K8 AR %
LR A A 4 RSURL AN A Kk 26 R A AR P i RSO AE A R IR 68 1 73 90N 55.2% 1 47.0%,
T A B AE IR FIER 2GR T8 AW T RS e 1R 43.5%F1 37.7%. FE R TR KA
IRFTRLR T AL E 7, 5 IR WX EHEFRRREE R, TR IR KBS AR
2y IR FAer IV ERER B, 5 i A FL AT AR DR RIORE S 326 HE D RORE AR i L B Rt
A=) IR RIOREAE 7K R L BB 25 5y it B o AR AT AR RURL AN K Bk 2 G RS AT 2R 4 e UKL AE 41 4=
)53 B R ZE 43 A 55.2% 1 47.0%, T AEZKFEH B 5T & RIRCEEAUA 36.2% 1 32.5%. T A4
Bl 7 2EAE T B AR G R S A [R) S 56 A 28 Hh R AR A0 R UKL 1) 5588 1h 2B AT LA (R2>0.950)

MR R PR AR IRLT, 8L e A AR AR . U AR R BRLATERT, IR
TR I R BAEAE UGB AR PR RIORE T AR R A W [ E 38 Rl #e . BT RS AT AR
W) IR BURL AN K R 2 RS AT AR 40 o RIORE (1030 R 70 58 TR T8 AR W R R AN K Bk 26 K 8
AW R RIORE , F ELRE AT AR 40 R JSURL AN AR KR ST A R T A 400 R RO o) 45 (1) I B R8T 40 33l 47.7
mg g M 52.1 mg gty 5RTASE AW SR AN g KA A AR T A R R G4 PRI B fi
(3.08 mg g F122.6 mg gD, [HITFEFFISAED ) mBURL P R4 IE R fe J15E T AR B RAEY IR .
LR AT AR 20 0 RTORE AN 0 KAk 5 A AT A A ROREAE 21 = v P R AR # 1R e 0 0 9 3.87%
H19.85%, T A &G AE PR TR AN K 2R 5 6 A8 AR ) R BURLAE 21 - R B [RI SR R R E 71 53 )
1A 1.50%F1 3.92%. A=K BORL AT 9Kk 5 & 2R P WORLAE 21+ R (P # e 38 & T /K Ag
e, DR AR R SR RN 40Kk 5 A AR W i R A 41 rh W R AR RS A RE R . IS FTAE W)
TRITHRL . ARSI A FEFT AW R FRLAE 21+ s8R 1 B [R1BE 7190 51N 3.87%F1 9.85% TE/K
FE LRI F BE JIAUR 2.75%F0 5.92% . ANKERE & A1) R Uk b [7) 55 (1) BE 77 BH 258 T A2 )
HRL . BT T YK & A AR W R UKL 4R AW B R 1 T AE D R R . IR AR, IR
W AR R BRI B 5 82 A ARV R BORLIR FE B AR 5 SRR FE R 1 0 R, it — DUl B AR
IR RTURE T AAE A W [F) 48 E 387 ot o #

ARSI AW IR S KR A A R ORI FH T4 e EIRAE R, HE R OPAN S 4R T R



) s v PRGE S WR N ELRE S BBOERIT N RMER 5

ﬂﬂ?*ﬁﬂﬁﬁi%ﬁﬁﬂ@ﬁﬁi%gx

KEEIA): AEVIRIRL, PRI G EM IR, W, AT AR, B



7 SHANGHALIAD ToNG UNIVERST R E A MRINELINE S RBIOER T H R B ERMOHE

INTERACTIONS AND CO-TRANSPORT OF CADMIUM
WITH NANO-IRON-BIOCHAR IN NATURAL SOILS:
LABORATORY TEST AND NUMERICAL MODELING

ABSTRACT

Biochar, derived from pyrolysis of biomass, is considered to be a promising remediation
material for stabilizing heavy metal in soils. Loading nano-particle such as nano-TiO or nZVI with
bio-char can enhance the immobilization of heavy metals. However, biochar with micro/nano
particle size have potential of co-transport with heavy metal contaminants downward in soil, causing
the environmental safety problem of groundwater systems. Wood chips (WC) and wheat straw (WS)
were selected and pre-mixed with iron oxide to produce micro/nano iron-biochar (WC@Fe and
WS@Fe) by pyrolysis under 500°C. Effects of the composite biochar on migration and
transformation of Cd in red soil and paddy soil were investigated by migration experiments coupled
with DLVO theory. The main results were as follow:

The existing form of iron in biochar composite was mainly the micro-nano form of iron oxides
such as Fe304, characterized by SEM-EDS, XRD, and FTIR. The nano-crystalline iron on the
biochar was dispersed by the porous lamellar structure of biochar.

The transportability of WS and WS@Fe was higher than that of WC and WC@Fe because of
more negative zeta potentials on the surface of WS and WS@Fe, resulting in greater electrosteric
repulsive interactions with soils. For example, the mass recovery of WS and WS@Fe in effluents
were 55.2% and 47.0%, respectively, while these values were 43.5% and 37.7% for WC and
WC@Fe, respectively. More Fe/Al oxides in paddy soils lead to more retention of biochar particles
in paddy soil than that in red soil. For example, the mass recovery of WS and WS@Fe in effluents
were 55.2% and 47.0%, respectively, for red soil, while these values were 36.2% and 32.5%,
respectively, for paddy soil. The transport behaviors of biochar particles can be well interpreted by
a two-site kinetic retention model that assumes reversible retention for one site, and irreversible
retention for the other site (R>0.950).

Cadmium was measured in effluents in the presence of biochar particles, while all cadmium
was retained in soil columns in the absence of biochar particles. These observations indicated that
biochar particles can act as a cadmium carrier and mediate the transport of cadmium. WS and
WS@Fe have higher transport ability than WC and WC@Fe in soils. Meanwhile, the adsorption
capacity of cadmium onto WS and WS@Fe was 47.7 mg g! and 52.1 mg g”!, respectively, which
was higher than that onto WC (3.08 mg g!) and WC@Fe (22.6 mg g!). Thus, WS and WS@Fe
have more potential to co-transport with cadmium than WC and WC@Fe. For example, the mass
recovery of WS-cadmium and WS@Fe-cadmium in effluents were 3.87% and 9.85%, respectively,
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while these values were 1.50% and 3.92% for WC and WC@Fe, respectively. Biochar and nano-
iron-biochar have higher transport ability in red soil than that in paddy soil, resulting high ability to

co-transport with cadmium in red soil. For example, the mass recovery of WS-cadmium and
WS@Fe-cadmium in effluents were 3.87% and 9.85%, respectively, for red soil, while these values
were 2.75% and 5.92%, respectively, for paddy soil. Due to higher adsorption capacity of cadmium
onto nano-iron-biochar, more cadmium associated with nano-iron-biochar transported through soil
columns. In addition, the correlation analysis showed that the concentrations of total cadmium were
significantly correlated with biochar particles concentration in effluents, further indicating that
biochar particles can act as a cadmium carrier and mediate the transport of cadmium in soils.

It is important to investigate the interactions and co-transport of cadmium with biochar and
nano-iron-biochar in natural soils for predicting and evaluating the potential risks of them in the
subsurface and groundwater environments.

Key words: Biochar, nano-iron-biochar, cadmium, soil media, co-transport, numerical modeling
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AZ/FAK 200/400/600°C 48 0.10 mg/kg L, HIETTASHASHR B % 13.52%
IR RAL 54K+, i NI, 3 CEC. S
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FRIE . AMEEFILR, MRHE AR5 2L 5] N5 ZE bR HOR A A, o £ 68-701,

(1) SHFERE (Ppioe):

a(Sk)

Pb 5~ = OWbiockkaC — PoKaerSk (TR FE RN (1-3)

Frks I 7 ¢mw=1—g; (1-4)
BEATL G B B 232 Yplock = 1 — 4a + 3.308a% + 1.4069a%> S < 0.8S.x (1-5)
Wplock = S S > 0.85,4 (1-6)

4= oé:t: (1-7)

b= S;X (1-8)

R e Wotoak = (£2) (1-9)

Hrr, aflibR R ESH; dRREMN TR FYER; BRANAEK RE, e
i B 2k, Bradford 55 & DL A (I3 B SRR FEAHOR (B = 0.432F)),
(2) BALBEREL (Yripen):

3(Sy)
Pb atk

Wripen = 1 + AS® (1-11)
Hrp, AMoRRBEINE S
{H2, A MBI IE T AR BRI, B A Rk RAABRLTRS . B
i R AR IR S I AR AT A, T L R G FE, St HYDRUS,
MATLAB S84 REUE M . AR SRR IE . f i th A — e id A T
TC P 3 PR A BB AU, I A B 5 2 00 R A4 7 S B A B v 1947 9, T2 AR R IR A 5T
FE RN S e KBS B o T AU,

1.5 fARB. REREAREEL

1.5.1 WA HK

IR SRR Y SR, S N A R SRS R 77 R R R s
FB, Hrpul i g ER A o A R 2 B T SR M . (HAE RS B R AR
BHEMIRIENTIR)E, FTREEMRART . FKMR . BEBEA R rp, B LK 2] 1
RIS, I3 A TR . Rk, 9eRERE A EYIRIRE 5 A E SRR T

= elI—Iripenkdc - pbkdetsk (?ﬁ?ﬂﬂ%@%?&ﬁ_‘?) (1-10)

F5u e 1T
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KRG, EATAFAE ] BeXt N REA AR TR IR = AR 6 5 o TR T KRB & R AN R+
AR R A B R DL S P R - 458 B 4 SR A ik = AH DG IR 9T ARV S B FEF R KRR B A YR
PR IR SRR AT R AT N SE RN, LK E A BRI R L3R S R AR T
TR, A RNAOR R G AR IR B RIS N 22 A PR VA F2 AR 22 AR A AN B8 SRR o

1.5.2 MIRHE

(1) AEWRM B SRR G AW R R ) 28 5 S5 A o R AE 5

(2) R Batch fitz0s28612:, BF 78 AAE FIRS AT A= 90 5 SRk ) 45 140 A 4 S0k Al ik
SE YRR A KRG PFR IR T, 43 00 B4 R R R B AR 2R, IR AL R
WKL Bk A AR R RN 3 A N B 4 S AR B R

(3) RAMMIESLI T, MR E S B P RS . MR &R
MUK AR SR B ) B 4 R B ARk R A AR A RN P [ B 4 B AR AE N B A IR R AT
AN, RFRHIEBFEENH], a8 H SEM. Zeta HAAYE T MY R Bkl . S8 454%
W AR W R T I, SR THT AL DA TSR AR AL, R 50 AW R RN ANk 52 A ) e TR 6
Il &R, FeAL/E R PLEE;

(4) i@t HYDRUS 3455 28 i AT G, SAREARNITH S, #—PEREY)
IR AT ANER G AR W J0kr iy [) - 338 B 45 J8 AR R0 7% 5 3 BE LA Tl A= o ks ANk 52 &
A R ORI () - 98 EE 4 B AR E IR A R A e R R A AT .

1.5.3 HiREKL

(Kﬂﬁﬂi%ﬁmm*ﬁ
SAEMBI % 5 RAE

FEWE | Wk
[ \
NS IR RARERSL B | [ B B K AST & EBnt
BAE A BT RS 25 e SR BT R 92
| Bk R RO/ FEME

op xar S§
8
op Ry S§

= ¥

(%*ﬁEﬁEMﬁWWiﬁﬁﬁﬁﬁ]
| AESRHEA R ORE R AL 5 LA

B 1-1 YRBRE LR AL IRESBREEBATA LI BRI TTBR B 2k
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BT FYMREARKRESEVRIBIFERIE

2.1 5l

A B VAR o T RE TR AR T SRR B R, B 2 AT AU T IR
RIS HRIER, EMAURPEYIR SR &R AT Re = SOt Rfe it HIRE G R AiEr, N T
USR5 e 0 SN AR AR P R RO Rk 265 A D5 UKL LA K AN () 338 A S5t 85
W BEPERE, UK MRS AT PUAE DU RE, 8 AR R RORL FEAT PR R AL

2.2 MRIERE

2. 2.1 MR

VR IEMR R RS FIRSF .

FeO3 Nrirali, WF Bl i kA AR B IR AR ;s CdINOs)-4H0 A4k,
KBr i, W1 B2 B 5 G R A A

2.2.2 B EHH

HLFRF: %% Sartorius BHAX G IR AF, SQP

ITEERENL: MR KIS A R A7, QM-3SP04

A b AR B ARG R A7), OTF-1200X

X FEATHA: HARBEHRERN, XRD-7000

ZINRERIENL: AT IS T ARA R, 285 2500A

FTIR ZLAM61EA . HA R EHIVERT, IR Prestige 21 FTIR

IR 28 : 3 [E Environ Lab&Tech H R 57/E /7], rotator for TCLP

AR EAE:. HABRFHRS4E, JSM-7800F Prime/ Thermo Scientific 7 EDS

JEF IR e R EERE TR A F], ControAA

2. 2.3 HEWIIRBIRL S gl K B LR W R BRI i £

VAR B FIREF DR, i 2 mm 5, H&ERE P EEAFAE A (15°C/min)
3 ATHEINFAR] 500°C, fRFF 2 h, fFAHIZEREIE, HEHAAR R AED R, BR
B i 200 H i ORAE & FHU2. il 45 20 B AR IRk 8 WC F WS,

H T (1) FeaO3 5 BRI 07 J5 R AR 00T 44 03 B 23 30 1 %o, 15 P B AR 28 2J 20 min,
A miR A e A E N ARE (15°C/min) 43 A HEINHE] 500°C, fRFF 2h, fFAHIESE
B, SIS AMARRERSRE &R, BREE. i 200 H IR & H . #8520 4E
YR R FR N WC@Fe 1 WS@Fe.

2. 2.4 YR IURL S N AR A R ) IR FIORL R R AR

(1) SEM: @ HHi T BB Ml AR MUK e E & AR Bk, K REmos, i3
47 SEM-EDS 73 #7 .

(2) XRD: it X SFLEATHAL LA 2°/min FEIEEE M 10053462 70°, - HrHl#3 48K
BT R IR R o

(3) Zr4Meitorar: it FTIR Z0AM6HE(C, R KBr i, JUELL 1: 200 (A4
w: KBr) RE, HHFEN2 em!, FHEEEA 400-4000 eon!, FIEIRECH 32 K, - HT
P R IR SR RN RSB AW e F0RE AR IR SRR M H L P R B e I 45440

FTI 46 1T
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75l
Y < R

L7
&)
SZD

2.3 R 578

2. 3.1 AW IURL e KR A AR ) R RN TR R AR

(D T B

500°CHR E T A & B E SR ) SEM o Hr g5 Ranid 2-1. 78 10 pm MEER
T, ATLUE BIREREE ) WC@Fe Ml WS@Fe HE R v B 451, GIAKRBRBURL 2 fOIR 08741 T
BRI 28] o R 00 R J2 45 KA PT /8 AT DAES 2158 B 70 B REGOR R IGAE A, el 9K gk i [ SR B

T 1900 WY PO« S2mm  Somaesel - 22 Ve X

B 21 GokBEAKE ()

761 pm WS, BORGKRE R AT ALY i Al FE T R Al P R g5 44, I3t
1T EDS 43Tl 2-2 . /£ =ANE BB B T Fe /215, R S B E S BONK(17.54%)
A (23.12%). Bk (59.34%), UFBAHHSERINH] S T YOREE A AR M B AR R
b, BREALLEEAN 3: 4, UIIERI B EAFTETLATTREN FesOur HEM AL BRAE RIS FE 1
IR T Fe;040

ST
36.81
36.42
26.77
100.00

1pm

B 2-2 GRBEETEF LD R B SEM-EDS K]

BREE 5 9N Kk 2 A FEFTAE R (WC@Fe 1 WS@Fe) ) SEM 43 #r4k Bl 2-3. £ 100
nm WEET, LGBV R ZEIRERAZZ/AN, GORSBRIEEY R Z45H L
I AR ] o TTANKRER I ) BOREFEE S A A, A BN X0 A 4K ek, 1
A BT LA A 9Kk
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75
Y < R
L
a0 1o

- H0NX Bt PO BTm S ene

FURLEREE J5 SEM &

(2) X HTEATHY
W RINGUKERE AR K] XRD 734 45 R 4B 2-40 EIF i, AT RIAE % 1 XRD
R HY W AR O B2 2%, SRR AR e £ LA S0, CaCOs S5 ALY S TRIR # 09 - R B WAL A,
FEAT AR F38 54 KCLRIRHIEIE . IXATRER B TRAT A 6 & 1) K sl Y
5 AR & IR BRI T FesOs UA7AE, 1X 5 SEM-EDS HI45 R 3 (14 2-
2). IXATRER B T RE T, AW AR WU AR i B RE SR A A Bk AS 31 B e .
I ELBRER S AUV 2%, 3X AT et PRI Bk S BUR IR ER 1) 70 i o

B A:sio, B KCI
D
A: o C: FeO, D: CaCO,
! :C \ B
WS@Fe e ‘ L C
! L . Bl (I: C C
| | : | | | |
WS YK ! , |
" PO I e
]
WC@Fe Do L\ Lo |
{ ]
! D s
) [ ! | , ,
WwC 1 ': | : : : ! .
! :I | 1 ! )
VY Lo b [
) I I \ \
! K | [ : : | |
| \ I I
" 1 " 1 " 1 " II ! " 1 !
10 20 30 40 50 60
2theta

B 2-4 AYIRIBBANGIREEE & EYIR BB XRD B

(3) ZHMEE

AR RGN R G PR LT A a5 ] 2-5. 500 FE Rl 4 i A= P & A 3=
BRI R, BRAEE, WHIE, FHERFEI, EAAERERSTATRAEL W 3340 cm’!
FEAHI-OH I, 1691cm [IFRFEEIE, 1600em™ (175 &1L C=0 8k C=C W&, AKEED R HIE
TH BB C-O . FEFHAEMIR A —E-COOME (690cm™), X FESZ H
TREFT AR R S (PR AT A AR IR LOR IR AR TR AR AE  AEMIR B &8 G B Re AR A T
—E U ARG EAERAEYR G HIL T KRB C-O W, FFAEREE B IE C-O WEMITH R,
FHHMHIT FesOs MMRULIE (580cm™). X AIHEREE S B MAMLTEF, RIEM S EIEIK,
X5 5 AR Ja Ol 1) Se 5 45 RARRT & o FEFT 5 AR5 & B AE PR 5 TR AR RS AT AR R 1)
B B AL A R I AR A, (B AT AT LR B 530em! ] FeaOs WAL o 5 b 2E W 52 Ak I

%90l k46 1T
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PARKESEYRNELRESRRNEBITARBERNNMR

-OH IEAS L TN BRI 2, K1

R B i R AR S 1A 1 VR PR Az s 26,

A=

SAE REHI R I BT XSS E R B AR

Aromatic C=0 -CH3
-1596 1376
1 CHsy h
-C-O(Ar-OH) | |

1, un

-C-O-Cether)
1085&1040

-WC

V]2

4000 3500 3000 2000

1500 1000 500
-1
Wavenumber(cm ')
7/
Ol 44 C-O(R-OH)
3420 . Aromatic C=0 -CH3 1160
(b) ! CHy fsog 1376 !
[ 2970 | CH3 — WS
( Lot Co —— WS@Fe
+Aromatic C.pt 285082910 -COOH(C-0) ! )
303301 191! Metalic oxide

I
1
I
1
1
1
I
I
I
1
1
I
1
1

Vj'a M 1

4000 3500 3000 2000

Bl 2-5 KB (a) FFEF (b)

2.4 KENE
ORI S RERT . ACE AL B,

1
1500 1000

Wavenumber(cm™)

AR BRI R & L) R BURLAL ST &

500

ARAEVI IR RE ST, B R 2 9K R

BRI EL. 1B SEM-EDS. XRD. FTIR %5 FButf7 704, LMK Z LB RSN
AORBAR I T ARIFHY A S ], al fEn] DU D QR BR BRI AE B R H IR SR TIs e i o K
MBI R A, BRI RPAORBRLIE R . SRE SR P EE L Fes0s FAY

EAAFAE

F10 7 HL46 70
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FZEF £URFBNEDRNRPIBTASHERN

3.1 5l

MR BAT R AR B 5 B RE ], R —MIABT B E MR 3%, — I
LR RS G, SESRHIRAL T, (et MIRRIRE, SEIL RN B AR 57
T, BT IR A SRR TE, APAER R ALEE, MAEYIR AR, B vl R /e
I AT )R IERS, 3 ARG A SRS S . B BT RE 2 SN AR R IR AR T RE
HFEE e, MRS AT N RIBLE, i+ 2 AR AL T i .

N T BT FEAI IR BRI ER 25 A=) iR ORLAE 387 B KRR AT 9 i B AL, 455 b
— B A IR BEAPE SR SR B SR IR 25 R, AR E IR 500°CHlR L N il % A S 2E
PR MRS AT A= 3¢ LA SRR 5 AR B AE IR AR 2 SRS AT AR, I AR SR, €
P IRBORL AR 5265 2 W UL e #% DA R AR AR A AE I IE RS I 5 iE i 2, WF e i B AL
i, ELAEPIRBURL . YUK E S BRI IER AR, )5 SEt FE A R BRI 2 &
AW BRI B < A AE I R RS AT A B AL R B E SR S

3.2 M5 RE

3.2.1 MR

AR BRI BRI A AR R ARG FIFEFFAE S00°C A% 2F T il 45 1 A2 4 ok Sk
(WC F1 WS); B7% 1%BMEASEFIFEFE 500°C 251 N 15 IS KB E A A4 R 5Tk
(WC@Fe f1 WS@Fe), HARFRAENLE %=,

KCl Mg al, MR TRAARAF; CINOs) 4H0, W EZER SR AE
FRAH] .

3.2.2 B EH&

IEBIE: ERERE AR AR, BT100-2)

HLFRF: %[5 Sartorius BHA G R AF, SQP

PR ENTE: R P T TAGER) AR A, MAE 1.2em. K 8cem

Zeta FEALHPRRIEA: S /R SUNERARAF], ZS90

LA ST B SRIEA SR AR AR, UV-1600PC

VUiEiE H 2hi s R i Es) A IRA R, EBS-20

3.2.3 TEAFIHIRESRIE

FrERERYRE 0 2 20 com HIRZE. FHE=IEAT. SBRMR. M5SR4 5T
i, JHECRARTEEA 0.60 £ 0.71 mm 38 CPERIAEN 0.65 mm), AT HETE
. MERAE 4

(1D TR pH: W HIEA SR, SEBTKIZEML 1: 2.5 BE, 1E 160
pm K/ NEY 24 h, FE 1h)E, HRETE.

(2) L3N] Zeta HBAL: FH Zeta HAAT YN AL ACIE -

(3) HIERIH RN I X FERATHAY, L 2°/min B 1025353 70°05E

(4) +IEREJEICE: Cas Mg, Fe. Al F1 Mn 1 fi§ HNOs/HF/H,O, T8 fift 5 F ICP 43
5E o

11T a6 7T
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) snanGnL 10 TonG UswversiT MASKE AL PR DA LINE & BEOERTHREERNTR

3. 2.4 HAERY SR E S AN

HAMAM & R ENTE EFRAEN 1.2em, K 8em), FEFNG /7% 80 um L
ZHI R e (Milliopore). FREL 1.5 g /24 ZAH R+ Bk, 2B EINEMHF,
PR RS9, BERE LR REEEEN S, IR EEARERE (M), FiEE
5o TR BRI R 341, JAAERIFLBR AR (PV) TSI

WA V=(d/2)xmtxh=(12/2)xmx8 (3-1)
THEE: r=M/V (3-2)
LBEE: 0=1—(r/2.62) (3-3)
WAL A PV=0xV (3-4)

& 3-1 FFELI P AR ER:

Exp. , KCl Cd Porous M2 pPV?®

No Biochar M) (mgL) media (o) (mL) o
1 WwC 1 i PS 104992  5.04 0.56
2 WS 1 i PS 105013  5.04 0.56
3 wC 1 i RS 110007  4.84 0.54
4 WS 1 - RS 109996  4.84 0.54
5 wC 1 10 PS 100017 523 0.58
6 WS 1 10 PS 99992 523 0.58
7 wC 1 10 RS 110010  4.84 0.54
8 WS 1 10 RS 110003  4.84 0.54
9 WC@Fe 1 i PS 104993  5.04 0.56
10 WS@Fe 1 . PS 105000  5.04 0.56
11 WC@Fe 1 i RS 115001  4.65 0.51
12 WS@Fe 1 i RS 110007  4.84 0.54
13 WC@Fe 1 10 PS 105000  5.04 0.56
14 WS@Fe 1 10 PS 105008  5.04 0.56
15 WC@Fe 1 10 RS 115007  4.65 0.51
16 WS@Fe 1 10 RS 110004  4.84 0.54

aRIH T IE E,  ERELBRARRN, o BREALBRR
IR E A, HIEsEE i RN Z B PR, WAE a2 24h. ZAR
IR, TGS ERIEEE AN 0.25 mL min. SZIGEEE A 3-1.

21201 46 1T
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Effluent U
] O OOnns

R
R
DOSOOOA]

Column )
Fraction collector

’

RS
PIBISN
ARRN
D23 AN]

RSN

Pump

Influent
B 3-1 FEEB stk E R

A Br B T s AT 7 iE ule, i BRI 535 245 2 L IR AR IZ R 4L,
WNTRBOR B FLB KR L . ] 3-2, RS R4 IR 5 SR 5 B R A LT .

—_
[
)

m  Observed
Fitted

0.4 1

Normalized Effluent Cone. (C/C,)

] T ¥ T ] T & T 43 T
0 2 4 6 8 10
Pore Volume

B 3-2 SEfll (R SEEER (L NFEMKZARRR

3. 2.5 HEWIRBURLAE T AE b i E RSS2 58

(1) B A=) s RN 9K 2k B2 A A T 78 S2 56

FHIGE BN 2R 7] CARANGF KRG B AZL B B R i EyEN 30 A4 PV AR BRI M)
(200 mg/L, FEAHITSEHE A 30 min, 5 HEMITA 1 mMKCD, F E3hil o ek h
WT 10 mL B E H, 4 40 min R — IR

(2) ARAFAE I AW 0 JIURE AN 40 K i S A A W i 8 S 56

FH 86 5 2% 1) EL 2 MR KRS H AN kR E R _ETE 30 A PV I A9 5 R A48
TREVEI CEPIRFRLREE 200 mg L, #4IKE 10 mg L', HSHEMIA 1 mMKCl, EA
RITIVR A 18 h, FEHUSCHES 30 min), F H BRI S IRV T 10 mL B RE
A 40 min YLEE— K.

3.2.6 FEAINRS RAE

ATREC 1 mL. HPARE 2.5 mL EFEMT, ERZE 25 mL, HEIMIOCREEE
234 nm KA E AWK IR S, 20 R R A R FRL I 2 i 2 . N URIBRN HY
W BB, MRV R BRLER TG Zeta HALRIK F122245 .

1351 a6 1T
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$7/ SHANGHAI JIAO TONG UNIVERSITY WA E SEMRDEHRESBEOEBITARKEBENTR
Hodr, AR R A o3 o BEVE A B A v i 2 3R A5 7 VA a0 R U2 B 10 mg AR
VIR FRLT 100 mL Bedh s, HIA 100 mL £E 7K, SeHi: 10 min, J5#E7 30 min, 3
FE 10 min. HJEEH 1. 20 3. 5. 6. 7 mL & ZE S0ml, FHIIKREDHIH 2. 4. 6. 8.
10, 12, 14 mg L (YR BURIETR, 7E 234 nm PR AL AN YOO BEEIARIB OB, 4
iR vt it 2 a0 P 3-3 Bk 5T G AR R R SR A 20 D6 BV IR B o b b i 2R 3R 15 7323 R) 1
PRl &l 3-4.

0.18
m WC
0151 o ws
0.12
3 y =0.01247x -0.00042
£ 0094 R=0.999
o
E 4
< 0.06- y=0.01029x -0.00075
1 R’=0.999
0.03-
0.00 T T T T T T T T T T T T T
0 2 4 6 8 0 12 14
Concentration (mg L")
&l 3-3 AMRbrE ik
0.18
] m WC@Fe
0139 ® WS@Fe
0.121
g ]
"?; 0.09] y2=0.01107x -0.00033
2 ] R’=0.999
0-061 y =0.01048x -0.00025
0.03 - R’=0.999
0.00 T T T T T T T T T T T T T
0 2 4 6 8 0 12 14

Concentration (mg L'l)

B 3-4 SRESEMRIFHERZ

3.2.7 DLVO Hi
AR 5 S5 R AR ELAE FH R uasae 5| JI AN i 2 # LR J12 i, ATH DLVO #lig
s
¢Total (h) = ¢EDL (h) +¢vdW (h) (3-5)
ﬁ;ﬁp, q)Total(kBTk)?%%'é\%ﬁE\ (I)EDL(kBTk)?%%%%EEﬂFﬁ:%ﬁE’ (I)vdW(kBTk)%%%‘TE‘?%
B J13h Bt kpRoRBURZE 2 HH(1.38X 1023 J/K), T R4 (293 K)o

l+exp(—x-h
oo (W) =7-6,-¢,-a, {2% W, -1n{ﬁg_’(.hﬂ+(l//f +l//22)ln[1—exp(—2lch):|} (3-6)

Hot, geFoR H B i H[8.85 X 102 CAV - M)], & Fn X /-l (85), a,Fom

H14 7 HL46 0
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7/ SHANGHAL IO TONG UNIVERSITY MK AL PR ELRE S RANEBIT AR ERBNHS

WORIZK 775242 (mD, h RoRAEW IR S IR/ FUBURLZ AT EEES (nmD, Yoy A, 73 5l R s 2R
VR RN 3 A TR ) Zeta FEAL (V), kRREFART/RSE (mD).
, 1000e°-N, ) -
S R M o
Hrf, e TR R (1.60X 1071°C), N, 7 bl {1 2 5 5 (6.02X 102 mol ™),
MR HMRETURE (mol/L), Z RN E FIRMA, LEN. JGEET] IHEaw(h)
NN WA = ATEE S

__A.ap l (3'8)
Boar (1) = 6h [1+14h//1j

Hrp, MORFHEREK GEF A100 nm), AFK/~Hamakeris % (3.53X102' 1),

3.2.8 HEEBHY

READLAe FH 9 30 0 2 W B R T R -

86’C+pb6(Sl)+ b@(Sz):ﬁ(gDé_Cj_avC (3-9)
ot ot ot Ox Ox Ox

Horr, 0R7R/KRE AL A FLBR R, CROR NI ARV IR BRI G0 K B 2 5 A2 )
IRRTRLIIIR L, pp R /KFE LML BRI A B, xR 4 (8] 4 B AL BRI, DEIR/KAG ML+
FERIK 1R R R, vRRKGUEREE, S [N M7YFIS, [N M =115 R A= 0 % Bk AN 499K
PR B R R BURLAE A TR BV A AL A 1 A A 20 TSKAM RS AL IR /KRS = AL A R0k
TH] LM T A R RSO M A Kk 5 A 0 o U W B PRI 70 A s 1 AL R 2, B 1 b
KA B B R R R M R R 5 AR kL, 1B -IR B, PR E TR N
—Bsh SR AR TR

o(S
P (az‘l)zeklc_pbkldsl (3-10)

ke My o 73 T2 70 A ) 5 ROORE AN K Bk 52 A2 0 B OREAE S 5t 1 L A I R i 3 6 50 A
MR A IR R BUR AN R BRI RORLAE AL R 1 DRI Y 2R Rk
ANZURGE & Y BBRLAE L L 2 RSP E R :

ko B TR EE IR KL AN I AR IL & FE R OREAE L K 2 13l B AR R M R 4. ARk
BRI AN KR R AR BURAEAL R 2 BRI RAN T IE IR B o W 2 5 3T HEAR AT SR 1Y
PR3

-p
-(dc”"%] (4-12)
v.=| =

Horp, dos TN TR T RAR, xo ARGl - BEES, 75 IGER 2SI A= ) R BRI
T SAHREA G, BREAR R, A 2 [l B 28R, Bradford 55 K 91 24 B=0.432
NFRIORE (1) 35 B S AR R BEAR DG . FalR 5 FR AR AR ) R BIURLAEAE N 11 AR s B S2 A et 1 4281
T BEITAZ B S 3G 0, AR R Ukt B8 U 5240 s 2 25 o AW ORI 25 325 It 2 A0 2 [ i B i
2l Hydrus-1D A THEEUE, BRI 8k s kigs ko XSmaxz -

3.3 FR5WL

3.3.1 A BRI RAE
PR 3B R O R R AR AN 3-2. Z0EFUKAR A B 25 Aok, 40 e+ a%,
pH 7 5.05, TWi/KFEL R LIE, pH oA 7.58, L1 Zeta A N-31.4+1.7mV, KK

FIST 46 0
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i MARGKEAEMRNELIEEERBNERITARBERLBIHR
Zeta Eamj 17.3£0.9 mV. PR HIEA ) XRD 0 Hr 4l B anlkl 3-5, 20 EA/KFE S P4
WANE], 2Lt FERATE S KA B R S A R, T KRS T i A

St Bt B AR RIS AL N 4 G AR PR I R 43 A
WA, KRR Feo Al Ca fll Mg &8 & (35.5gkg’. 45.1gkg'. 209 gkg!. 10.9
gkg), LARUKREEFE Mn. As fI Cd &L, #HHN.
K 3-2 BN FIEAILME
K+ 4r+
pH 7.58 5.05
Zeta AL (mV) -17.3+£0.26 314+1.7
WP Ak VI UNEE" 3 S 1 SO i ST ST N3 S AV SN
RIRI I SN R FI IR R
Fe (gkg™) 35.50 +£0.92 32.30+0.54
Al (gkg") 451423 16.7+1.8
Ca (g kg™ 20.90 +0.70 5.19+0.41
Mg (g kg™ 10.90 +0.76 1.03 +£0.16
Mn (g kg™ 0.6000 + 0.0150 0.0861 + 0.0043
As (gkg") 0.01860 =+ 0.00100 0.09390 + 0.00056
Cd (gkg") 0.000617 £ 0.000076 0.000917 + 0.000100
Cr(gkg") 0.0777 £0.0013 0.1000 + 0.0024
1
iswhmf /NBJL o _ka/wﬂk,w ‘W\ JL“,
3
PS3 jm}\) Wz 66
10 20 30 50
26

K 3-5 KFELFL L XRD F

(I: A3, 2: WL, 3. WL, 4. K&KF, 5: A, 6: KA, 7: HEKF)

3. 3.2 AWy URLAE A BT b R IT RS S

AR RORLAE 3 A0 o h TR

S 737 Hh 4N 1] 3-6, RIVAEPR UKL 4 9 EE (C/Co,

HH IRV b AR R RV B2 5 N TR FE R LU D B FLIUARR (PV) AR . AT AR

2,

F16 T 46 71

H TR PR 2 R BRI PEE B JR N A W i R 388 T ¥ - e,

FEKAE LA,
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% 5mwmwmmwwww WA E SEMRDEHRESBEOEBITARKEBENTR
HR I WC FEZEN 15 A PV A BIIA B AR E & HIR EE, A20E i Rtk 2 528 0.307
(M WO IER. 0.251 CHRAAER WC iEF2). 0.362 (Ll WS) F1 0.291 CHER/EIER
WS L) (8 4-3). AfLLEH, WS EKB AR aE i T WC, FEEHmT WS&
T F) L KT WC, W WS ) Zeta FLAZ{E N-48.3 mV, 1 WC [1) Zeta FAAL{E N-44.2 mV
(£ 4-4). R DLVO Bt HlitH WS Al WC S5/KE+ 2 A HAE AR, A 3-7.
WS 57K+ 2 (B KR8 121 kT, WC S5/KRE T2 MIHERKHFEN 112 keT (3R 4-4).
lﬂ;W@(ﬁ%@&ﬁ&ﬁ%)wwm<ﬁiﬂﬁﬁan%>E%E?ﬁmﬂiﬁ<ﬁ4
o MR RPHEWAAAEN, BT AYIRBUR 2 M, KA R 5 B AR, W
%u WC XF M) Zeta HLALAE 73 A BE(K2-35.7 mV A1-34.0 mV, S5 WS fil WC —'37J<7‘raizwﬂ
MR A REPEAR, ARV RN S 25 ) (0 TAE i B, DRI Tk ARG A, Hlh WS
WC FB & FISER 3T A 36.2% MK ZE 29.1%F1 30.7%FF KA 25.1%

o
W
1

(a) ps

>
~
1 "

I
w
1 "

B WC observed

Biochar Relative Conc. (C/C )

0.2 —— WC fitted
] ® WC in Cd observed
—— WC in Cd fitted
0.1+ A WS observed
— WS fitted

v WS in Cd observed

0.0 —— WS in Cd fitted

. . —
0 5 10 15 20 25 30

Pore Volume

Pore Volume

& 3-6 YRR KE L (a) WAL (b) HHFE L

MAEA AR, T WC T WS R 7E LI 26 A Bl N AW, 30 A4S PV B
ORI EEAE 0.40 %2 0.80 2 IA]. [FIFE WS W ZEiERe )T WC % iERE )1, I B AL
ﬁ%%ﬁm%ﬁ EJIRRAG, W 3-6 (b)o X — MRS AR M35 2 (7] DLVO M H.AE

FHRER I — 250 (B 3-7), BEKEARERE S, A kL5 H 38 A R 2 [R] ) R S 38 Bk,
VR TR BE 25 5 KA

LB 3-6 (a) A1 (b), KBV BURLCE 35 A 2735 i 2k 5K Rg A ik
JRZESEH K. EYRBRNAEL B HE m T KRB, WED AR+, WS

F170 46 T
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%u WC Fi &= BIURS3HA 55.2%F1 43.5% (R 4-3), MEKBEEHRE T, X—E2 5
PR 36.2%F1 30.7% (£ 4-3). FERZBT/KBEEEERZWEHME. B8y (R

3-2), &5 AT AR BN AL IR, AR AR R BURLAE KRG R AR B, aE
Fefe JIREARU0, ik R RAAER, BAMARFRTEME (£ 4-3).
2K 3-3 AREI AT T AW 5 BRI 5 8 B SR AR i3 1 R R R S
Exp? Effluent ki © kiq9 Kuks ko ¢ Sax2 * R?¢
No recovery °(%) (min't) (min't) (min™) (mg g™t
1 30.7 0.829 0.452 0.546 0.0739 38.6 0.976
2 36.2 2.43 1.26 0.518 0.0650 30.1 0.913
3 43.5 0.609 0.313 0.514 0.0796 10.5 0.967
4 55.2 2.66 1.29 0.485 0.0699 7.14 0.987
5 25.1 1.05 0.678 0.646 0.0819 53.2 0.970
6 29.1 1.17 0.671 0.572 0.0738 44.0 0.965
7 32.6 0.802 0.426 0.531 0.0872 17.3 0.952
8 41.1 2.02 1.04 0.515 0.0699 14.5 0.955
9 26.5 0.0861 0.0466 0.541 0.0868 33.6 0.987
10 32.5 1.75 0.906 0.516 0.0759 26.1 0.970
11 37.7 1.25 0.623 0.499 0.0761 16.3 0.904
12 47.0 1.36 0.627 0.460 0.0646 11.6 0.973
13 22.4 1.00 0.605 0.604 0.0940 45.8 0.964
14 25.7 0.888 0.495 0.558 0.0829 50.6 0.961
15 28.7 2.00 1.04 0.523 0.0979 20.7 0.980
16 35.7 0.533 0.270 0.508 0.0768 18.3 0.929
CSERG PR AR 3-1; P R AR B TR IR o R 1 IR AL T RIR
s oA 2 WP AR TR AEAL A 2 ERIERORE; e Person TR IE R

Total Interaction Energy (k,T)

150

—

[\

(=]
1

(a) rs

1 —WC
90 ——WCinCd
] —Ws
60 - — WSinCd
304
04
-30
T T T T T
0 50 100 150

h (nm)

F18 Tl 46 L

200
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450
~ 1 (b rs
. 375
=
Eﬁ 300 —WC
g 1 —— WCin Cd
m 2254 —WS
g 1 —— WSinCd
S 150
g ]
E 754
= J
g 04
= ]
=75 4
T T T v T T T T
0 50 100 150 200

h (nm)
B 3-7 EMR-KBEL (a) ML (b) F4EZR DLVO REERERE S 2 Al 4R R

R 3-4 AFISEH AT ALY RFORLA +3 A R 2 18] i) A 1

Exp ? Zeta potential (mV) Dpax° Drin2 © hd
No Biochar Soils (ksT) (ksT) (nm)
1 -44.2 +£0.96 -17.3+£0.26 112 -0.0051 172
2 -48.3+£0.26 -17.3+£0.76 121 -0.0053 171
3 -44.2 £ 0.96 -30.7+1.82 305 -0.0046 181
4 -48.3+0.26 -30.7+1.82 340 -0.0048 181
5 -34.0+£0.76 -17.3+£0.26 96.9 -0.0049 165
6 -35.7+1.10 -17.3+£0.76 106 -0.0052 166
7 -34.0+£0.76 -30.7 £1.82 232 -0.0044 174
8 -35.7+1.10 -30.7+1.82 259 -0.0047 176
9 -44.8 +£0.67 -17.3+0.26 105 -0.0047 169
10 -49.3+0.20 -17.3+0.76 110 -0.0048 172
11 -44.8 £0.67 -30.7 £1.82 287 -0.0043 182
12 -49.3 +£0.20 -30.7 £1.82 311 -0.0043 180
13 -34.8 £0.47 -17.3+£0.26 94.2 -0.0047 165
14 -36.2+0.69 -17.3+£0.76 100 -0.0048 163
15 -34.8 £0.47 -30.7+1.82 197 -0.0037 177
16 -36.2 +0.69 -30.7+1.82 247 -0.0044 175

LIS S LR 3-1; PECKEHAGE,

ATYERD 2 18] ) 1

© 5 N RE S

CHE TN RE R AN 9K AR

3.3.3 KB A LW R ORLAE T3 5T IS S5

YRR B RN R BURLAE 3887 o P (I 7% S0 278 Hh 2R a0 ] 3-8 ANE R /KAE LA IL
S LT, YK G LR R RIURL IR 27 325 B 7 53 1R - B WS @Fe i 7 O &2 [F11L % 32.5%.
47.0%) >Hl WC@Fe iTF% (B[R 26.5%H 37.7%); ¥l WS@Fe iT#% (i & [Hlk
R 32.5%H1 47.0%) >HAATERS WS@Fe iE# (FE PR 25.7%F81 35.7%); Al WC@Fe
TR UREFCR 26.5%F1 37.7%) >HRAFERT WC@Fe iE#% (i IR 22.4%F1 28.7% ).

219 70 JLde 1T
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35%2%&!3? WS@Fe 3 THI 11 571 HEfif

n KT WC@Fe (3R 4-4), (390K EE & EYm BN S 1

AR AR RRERS N (B 3-9), WS@Fe iLf8fit i, tboh, BRI KEE &
E%ﬁ%ﬁ*ﬁ%ﬁﬁﬁzﬂwﬂ”ﬁﬁﬁ, SERLR T A K. WARAAER R, WS@Fe
Al WC@Fe %[ Zeta HLAZAE S M-49.3 mV F1-44.8 mV [E(K%E-36.2 mV F1-34.8 mV, X}
B KA REM 110 kpT F1 105 keT BEMKZE 100 ksT A1 94.4 kT OKFEEAE), 311 ksT A1 287
knT BRKZE 247 ke T A1 197 ke T (LLH4E) (36 4-4 FIE 3-9), HHEAFAESAE N AEY R BRLE

FERe IR, IR R ARk G R o FORE 1) 53 B TR WC R 43 AN 32.5%FH 26.5% PR 22

25.7%F1 22.4% OKFEEAE), 47.0%F1 37.7%F

FRAGZE 35.7%F0 28.7% (41+4E) (£ 4-3).

e o < e
[\ w -~ W
N 1 N 1 N 1 N 1

Biochar Relative Conc. (C/C )
IS

0.0

(a) ps

B WC@Fe observed
—— WC@Fe fitted

® WC@Fe in Cd observed
—— WC@Fe in Cd fitted

A  WS@Fe observed
—— WS@Fe fitted

v WS@Fe in Cd observed
—_— WS@Fe in Cd ﬁtted

15 20 25 30

Pore Volume

Biochar Relative Conc. (C/C )
R R
—_ N w N
1 1 1 " 1 "

e
(=)
-

—
15 20 25 30
Pore Volume

& 3-8 YRGB EEMREKTEL (a) MLL (b) HIFEMEK

H2001 HL46 70
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160
—~ da) PS
-] @
T 1201 — WC@Fe
o0 ] —— WC@Fe in Cd
1 304 —— WS@Fe
UQJ —— WS@Fein Cd
.2 ]
g 40 1
o} ]
=
= 04
s
2 ]
= 40
T T T T T T T T T
0 50 100 150 200
h (nm)
400
fp ] (b) RS
3204
>\. <
2 9404 —— WC@Fe
2 —— WC@Fe in Cd
= l —— WS@Fe
§ 1604 —— WS@Fe in Cd
*g 4
S 80
R
T 0
o
S )
-80 4
T T T T T T T ) T
0 50 100 150 200
h (nm)

B 3-9 kB EEMRIKEL () ML (b) 4R DLVO ReEBEFE RS Z R RUK R

3.3.4 i S AL

BH 2 550N T B8 A2 5| T A= 4 o JURL i B 1A DR PR 22— 1760 ARSI A AN [R) 25 A TR AR ok ks
580 EA IR 3-5. 7TEUEE], BEARHLAE 0.00050 2 0.00060 2 [A]. Tt 7EZRH,
MERIY) S TR B EA KT 0.0020 B, FFUERAEFHIERN . Fk, AEPRBUN 544
KRG G VRPN L 7KFG 1A 3 B AN ABH ZE 2808 A =

& 3-5 ARFKMATEMRBALE LR RN ER

Exp # No Size ®(nm) dp/ds ©

1,3 364 +4.0 0.00056
2,4 388+3.0 0.00060
5,7 336 £ 11 0.00052
6, 8 360+7.0 0.00056
9,11 340+2.0 0.00052
10, 12 352+7.0 0.00054
13, 15 324+5.0 0.00050
14, 16 340+4.0 0.00052

TSI AR 3-1; PAEMIRBRIK I EAR s AEMBIK 1A R E AR

22101 a6 1T
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TR 35 B 20007 T R A2 5 S A 7 SR RN 40 K ik B2 4 A= 4 o s B F JL AL FiR B DLVO
R THEIMA, 58 /N ARETE-0.0040 kpT 31-0.0050 ksT 2 [0 (K 3-4). AR L5 214
T, X—HEBUAKR, FrRLRFFHBERS AR R AVER

JE AR R 47 ¥ P 5 A T BB i RE AL 2 — 0770 AR S0 vp b AR RN AR HP AR 9 () 7K
D15 A 3-100 FTLURI, HE I A AP RIORL KT 7K 77 2 A2 30 /N T N A A= 4 e i
KL 1222045, LB AR BORLAE A I RS I AR 2R T 15, K A SR Ak iy B A A
W, AR AE YR ORI IE RS BE 1 BRI

2404 [ Influent
] (a') PS I Effluent

200+
160
1201

801

Hydrodynamic Radius (nm)

40

0

WwC WCin Cd WS WS in Cd

2404 -t

| (b) & o
200-
160

120 4

Hydrodynamic Radius (nm)

wC WCin Cd WS WS in Cd

Bl 3-10 AR FABH B A=Y RBRLK /12445

ARSI UM AT KR R G A MR UKL K K )22 A2 B 3-11 AT RUKRIL,
HA R R AW BRI 7K 3 22 A2 B0/ T NGB 2R R BURL IR 7K 0 22245, U B AR 90 2
R A E R R AL T HIR, KIS B AR A rp, (815 AW UL R IEA2 fiE 7
BEAR

222010 a6 1T
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Y) X AKX AL ?
HANGHAL 100 ToNG UNIVERSITY PRk A YRR R & RIBE BT 0 R TS

240

(a) PS [ Influent
I Effluent

[\

[

(=)
1

160 ~
1204

80 1

Hydrodynamic Radius (nm)

40

WC@Fe WC@FeinCd WS@Fe  WS@Fein Cd

2401 (b) RS [ Influent
1 I Effluent
200 1

160

1201

Hydrodynamic Radius (nm)

WC@Fe WC@FeinCd WS@Fe  WS@Fein Cd

B 3-11 ABUBA B A H R B A AR RN /)22 42

SRVURE 2 THT FELART 7 S5 128t ] E A i B AL 2 — U781 AR S o LR VAR VUM N AR o A
RLANGK BRI & ARV IR Zeta FEAZ QI 3-12 A1 3-130 ATLUREL, P Sie 2640 T iR
TR R ITORL IR R ST A A DR BTRL I Zeta FRALISR T NI CF AT ) o 358
BAAI LD IR BURL B 2% 5y 55 33 mp iy 1 FLAT AR SR S A i FELPBC PR » 5 B A
e, oAb, IKRE AR AT R AR A R ORI KR S AR IR UKL ) Zeta FRATBA 220> 471
TS, EERBTKEERRENDMBEND S ERE (K 4-2),

F2370 a6 W
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Zeta Potential (mV)

Zeta Potential (mV)

Zeta Potential (mV)

0 (a) PS B Influent
® Effluent
-104 P
) [ J [ ]
2204
2304
" o
-40 4
|
-50- "
T T T T
wC WCinCd WS WS in Cd
04 (b) RS B Influent
® Effluent
-104
[ ]
[ ]
204 ° .
2304
" o
~40)
|
-50- "
T T T T
wC WCin Cd WS WS in Cd
B 3-12 AW IR RIEMK Zeta HAL
04 (a)ps
° [ ]
-104 ® ®
2204
B Influent
_30 _ [ J Efﬂuent
u n
40
|
=50 [ ]
T T T T
WC@Fe WC@FeinCd WS@Fe  WS@Fein Cd

24T a6 T
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1 (b)rs
-104 L

=20

B Influent
-30 4 ® Effluent

Zeta Potential (mV)

404

-50 4 [ ]
T T T T

WC@Fe WC@FeinCd WS@Fe  WS@Fein Cd

Bl 3-13 NSRBI IR R GEWRK Zeta AL

3.3.5 BAHG

I8 F W 5 8 1 R AR [ S 56 251 TR AR W R AN i Kk R A AR 5 Uk A K
TR IR FEFE L. WIS, PSRRI 1 ERRMER RS (k) g
WOEE R (kia)s DAL 2 BRI R R (k) FIBRKAT R (Sma), PLAAHIG R
(R?), W& 3-6. 3-8 F13 4-3, R2IEEA FHRT 0.950, BLHAP sl /) A Y B AR 1 M 41
B AR BRI G K Bk B A LE VR R AR KR LR AR R FiE 2k . WC LUK
WC@Fe TEAT A5 2 1 AW B 6 2 BURN B R BE B3 K FAH R 5 1F F WS BAK WS@Fe 7E4T
A2 E IR B T AR R ORI B K R B, SR IR AR R BN SR A G (E B AR R . X — IR
SR8 A R BORLIE S B8 70 55 T ARE AT AE VR BRIV A o 3T KR L, AW BURLAE AT i 2
F B K B R B B s T IR RBUE . 0 WC i WS fEK R TR, R
A7 55 2 BRI B &4 N 38.6 mg gt Al 30.1 mgg!, T4 TELLEHIERR, X—HED
BN 105 mg g Al 7.14 mg g, D HIFEAK T 72.8%F1 76.3% (38 4-3). UiHHAEDRBRLAE
IKFE LR G, R B BT KRS L BE A IR R o RS A A R
RGPS A LE YR BORLAE K FE RN L IR RS I R, FEAT AT 1 L3 B R B i R
HOR RN 6 5 BN T REFT A= PR R, VLI 1 EARSFTAE YR AR S R o AL
1 NR R, R RSFFAE MR K o BRI, ERT S 0E LAk, WAk, S F AT ski & 1
T, ki/ ki X —BUE I AFLE 0.50 245 (K 4-3), R AW MAEATAE MR ALK ARG M0
2L PR, FEALAL 1 B R AR AR

3.4 AREINGE

AREIGEERKH, WS Fl WS@Fe E/KFE A AL LA F T a1 T WC Al
WC@Fe. EEHT WS Ml WS@Fe K] Zeta FEALEE 7, 53 2 18] A B R A
K, I RE ST . AR BRL AR E G AR R FIORLCE 21 A T #8 fE 5 T HeAE K
AL R R ). ROAZKRE L S AR 2 I i B S AN ER S8, i O I 2R
W) IR BIURL RN GRS A P R RO A ST B8 Tk R v 2 5 L 2 i LW BREE 5 AT i B 7 A
W Y SIG AR B R A G BRI, AR R RN RN oK 2k 5 & AR ) R BURLAE A R AT RS BE T PRI
AR R PR 9 A ) R BSURE RN N KA 526 A A e RO 2 T B 8 0 S8 75 DG 3R T ) A7 R i
N, SR R A R ARERAR, R RE 1255 . RN, P 3l ) A RE AR 47 1 90
BANF SIS R A R R RN G0k B A B R R 2B 2k (R2>0.900). BE4h, 4
W IR FTURE RN G KA AR B A 0 i SRS ] 58 2080 I A0 2 T R g S5 e R0 ot LA 7K R H RN e

H25 7 HL46 0
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o LTI, TG RO BEREREAT 0 TV RN R 2 R Rt a3 A ek
FUR B IR AR+ LT - e O o A 2 5500 Ay 05 i
KA 5 A TR T 7 et RO 5 R o RS BB B 5 O A L
BOMS .
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ENE £YRFRREDRNRPERITARNZN

4.1 5|5

MR LRSI AR, YUK E SR AT UL —E R ER AR BRI SE RE o, Wiz
HEgEmEmIE, HRENRMIE, FR B EERII EgRRIEEIERE. H29K
BRESAEYIBF N I )G, FEHRARG S R ERRL AR, R RE 5 B B 10 2 < 4,
CAGOR G ARBORIY L 2, R L3 rh e N IER, BEEEEAI N KRS, 2 ml aext A4
ARG RS . VIR UL BRE & A B T B 4 i AW R 03 KT 3 it
WL 2 B ZE R SR AIERS - ST AR R & AW BT & S PR 35 v 1 B ) 2 <
JRARIERAT N RIBLHEA I o

N T W FEAE R BRI AN R A ) 5 R AR AE 38 o B IE RS AT 9 -5 i B AL, 4
b B AR B R S A AR R BURLAE 3 A S AR RS S g A IR, AR Tl I A
WEIER S, HE— 20 1 58 SR AE HAAME RS AN W R A= W) UKL 113 [R) Bk 245 R R BRI E 72 I
R B 2R, W2 A M P RS AR TR AR AE RV ZE R BR300 I
Ot WHRHIERAT NS IERIBLE].

4.2 MREFEE

4.2.1 MR

AR BRI A AR R AR JEFIFEFFAE S00°C A% 4F T il 45 1 A2 4 ok Sk
(WC Fil WS); B2 1%FMEARBRFEFAE 500°CHAF T 15 9K T & 25 P ki
(WC@Fe fll WS@Fe).

KC1 AR ZEal, WFBlHr TikAE R AR ; CAINOs)-4H20+ HaSO4s. 30%H0, #1473 Hr
aff, HNOs Afhgial, 1T E 2R A H R A .

4.2.2 U/ E5EA

IEBIE: EHEREA R AR, BT100-2)

W#E & YIS TR AR AR, CM298

7K F: £ Sartorius BHAUEEH R A, SQP

WrEEENTE: BRI IE) AR AR, MR 12em. K 8cem

SRR BT SR EERE T AR A F], ControAA

VUidEiE H 2hi e s RI iaairEs) A IRA R, EBS-20

4. 2.3 HEWDIR AR J2 G KK B2 A 0 e UR X 4 (1) W B X

PL 50 mL & 0EE RN, EERFETEHET WC. WS, WC@Fe 1 WS@Fe X4
(IR PRS00 . FEREA B O NN 4 mg AWk, PLA 20 mL — & W& IR (0.5,
1.0, 2.5, 5. 10+ 20. 35. 50. 75. 100, 150. 180 mg/L, H:ri¥ 5t KCI KIKEH AN
1 mMD. KB TR R R 7R a8 L iERs 18 h LUARIWL V47, SRJ57E 4000 r min! #4358 T~
BN 0 2 min, [ 0.45 pm KA EF U8 881 8 DUk B R 85 . A A TR Tl oy
6 FE VI A8 3 B P B ARV FE , 25 ) AR 0 i UK B Bk B2 A 0 0 DR x4 o 4 P 4 TR TR
B pHh 28

4. 2.4 IS\ TR AR B a6

F27 70 a6 T
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7/ SHANGHAI 100 ToNG UNIVERTTY BKEE S E VR ELNE S BROERIT Y RAEE R 5

PL 50 mL &0 EENR A, 1R T AT L RKAE SRR S258 . fE5F
AMEOEFIIN 0.1 g THANR) TIRA T AR, HEEER L, 262 EFKRE X E 4 w5
{10 S5 R O P T £

4.2.5 THRERIES A

[ F—% 423

4.2.6 HEERWE AP RITRLK

(1) HMERITFE S

FIGE BN 2R ) @A KR AL B 3 R T E3EA 30 4 PV ) 10 mg L' #a¥
W CHESHMETN 1 mM KCD, B3I S e B T 10 mL B3 RE T+, 4 40
min YEE—IX.

(2) A=Wm ks oy [F) 4 3 A% S 56

PG BN 7] O & MR B /K ARG B ANLL A R VA 30 AN PV A Ok A 4R
TREEW CEPR BRI 200 mg L', K 10 mg L', EHEMHEAN 1 mM KCl, FEA
RITRA 18 h, FETRUGEES 30 min), FH EHBNE - AR B ISCER T 10 mL 3355
£F 40 min UCEE—R.

(3) A=W ks 1y [0 4 i B Sz 5

FIERESLIR A G, AR TE, IS RANE, BEBKE Lem, BN L5
K B B IR R R B

4.2.7 FERIR S RAE

(1) ML S

18 BRI o Y BE VI e 4RI BT, il B R R i o i 2k

(2) A=W ks oy [F) 4 3 A% Sz 56

AEEL 1 mL. HRE 2.5 mL 2RSS, ©HE 25 mL, HRIMr e BT
234 nm YK AR I 52 A=W 5 BIURL A B, 22 1) HH AL PR AR A UL P 2 3 T 28

NIRRT LRI 3 mL FH 0.45 pm /KAREF P8RRI 08, A8 JE 7l or Je e B
IR, b I PR B 4R

NIRRT H AR 2 mL AT VAR, A3 PR RS o Y BE I SRR, 2t R IR
R P R 1 2 0 T 2K

Ho, N R EATE R B2 mL & 25 mL B, Ef#HCEE T
300°CHN#A 5 min, FBAAZET . I 1 mLH,SO4, FEF 300°CHIF 20 min. JIA 10 i H20,,
T 300°CHn# 5 min, 52 EFKERZE S mL.

(3) A=W ks 1y [0 4 i B Sz 5

B 0.5g LIERE AT, AT TR e BT H I E SRR B, e 4R AE LA Y
Tiir B 2%

4.3 HER51TR

4. 3. 1T ASRN A RE A4 3R CA R 52 A 4 e ot 68 1R PR o 4 114 52

A 1 ¢ SR RN G KBk S A 4 i SR o) 4 1 S IR I PR SR 45 SR i 4-1. AT LUE
WC@Fe Al WS@Fe %48 I 58T WC F1 WS, FEFTAE 40 UL AN 40 K2k 55 &A= W o ikl
X T4 IR B SR T A S AE K o X T B2 T REFF AR W Rk B SRR, BRE & AR T
W Bt e D TR A A R, KRR A R R I BT, B 3.08 & 47.1 B 22.6 &
521mggls XEHTEAYE, AVRERMNMERELELT R A3GIN, M5 2 5 aT
LB Y0 i T 2 [ e 731
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NE saanci 180 Tons Universe MK AL PR ELRE S RANEBIT AR ERBNHS

60 B WC ® WC@Fe
A WS v WS@Fe

A 4

1

)
W
S

1 "

<

N
o
" 1 "

N
S
1 "

Adsorption Capacity (mg g’
—_ (98]
< <

o—= — o

0 ' 50 ' 160 ' 1%0 ' 260
Equilibrium Conc. (mg L

B 4-1 A=W ORI KSR 5 AL YRR ATURL X 458 F VB P S5 I v 2%

4. 3.2 ANEIZR I A3 A\ TN I oA (4D 52

TR A RN ZL A= R A A o 0 6 O A5 TR R PRI 25 S ] 4-2, RTLUE R, /KFE X E
B 372 72 55 T 21 SR AW B RE 7. X T RE S AL R AW, H San S mARX e, HIELERRES
TrREEE, XTHRRUCEEH S, R R R A =A%

3.5
] | |
“en 3.0
en J
\E/ 2.5 H PS
Z ) ® RS
g 2.0
§ ]
= 1.5
8 ]
g 1.0
o
< 05 — ®
0.0 . . . i . i
0 10 20 30 40

Equilibrium Conc. (mg L_l)
B 4-2 FKAE AL X4 I PR A I B 2R

Langmuir 75 F&X] T AE PR BRI AN AN K R A AR BORE (R2 £E 0.959 2 0.990 2 []) Al
FHEATE (R 5BAKAEE 0.870, 20+ 0.989) X4 SR IR I ist B ] DA S B AP 2%
WA, BARSHINF 3-2. GRRM, GRS YRR R I I e 1 #0R TR AR
TR AR XRS5 3.60 mg gty AL TSR ) ORI B I 60 £ MRS
EF T, WSS00@Fe %o 48 1 55 KW BT A E) 52.1 mg gty BRIGAEIE WS X485 1 5t
KU 47.7 mg @ HEH T 10%7E 77, 1T WC@Fe 45 WC SHRIGROAI ISR T 7.5 5%,
$922.6 mg gl o AR BRI KAk S A0 R ORI B ) BB T A OO AR
LIRS (2 2 3 ANEURGD, OB RAE A 5 R tE £ LA R T BRI T I

.
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R 4-1 H Langmuir J5FEHES M K ZEW RBURLA 3N BT R RN SR AN & 28

K (Lmg™) Qumax (Mg ) R?
WC500 0.0855 3.08 0.985
WC500@Fe 0.0547 22.6 0.990
WS500 0.0310 47.7 0.977
WS500@Fe 0.08185 52.1 0.959
PS 0.443 3.60 0.870
RS 0.239 0.655 0.989

4. 3.3 HEWDIR RN A AE 3B 5 P RS SR

BRAIAS [ R B A= o URLAE AN [ - (o i it 2 an P 4-3 1 4-4,  RIARAN A= 400 - kL
AP FEIEAL IS AR, H AR R PR A B AR AR 4 s HE I L B LB PV BB AE R .
K 4-3, WC fE/KFE ML - F3597E 1.5 PV B 55E L3 . WC fE/KRE Mg LA i i &
TSR 2 58 25.1%H0 32.6% (3R 4-2), Ui WC fELL LR @ Re Dk Tk fE . £l
TKFE LR E B s T4, i R AR R B E I B AR P R G fEH R
AR, B RS WA =

XFRRINERAT N, fEEAE WC AEEM T, WM /KE LA thiE®, Ml
HEAK A BRI B, HIR B DO NI PRI B 1) 0.1% A 4 - ViR 78 4 T3
JRI B, 5 BALE A . 2 WC FIARTE /KRS L AL L P [FERE I, AR P i R PR Ik FE i
FHEN AR P BT AR B8 I 8 0, B2 /KRG R AT A R R AR A 4y ik B
0.143 mg L' f1 0.222 mg L. AT DAKHL, HAJIR A V80 B BERE S WC ¥R FE I 35 I i 384
HIR A ARSI ARG, AR B ER — 8 W LR EE L WC 45
HEWILARETE. FIESRRER DAL TiO, 9 KPUR A E P TR, TiO» 48K ik 45
B SHREESRME LR RAEBEERAM, Wi, %4 WC ATMmismsant, &
SRR ] B E R IR, 52 AT R TNKF, @Rt —PiE 4.

ELi B 4-3 (a) A1 (b) WTLAKEL, SAR7EL A e R R 19 T 78 KRS P fiE R
fe71. EEJRMT WC A HHEBae /i T{oKB LT, 1 WC 456552 H
EEAFHEEEREA, FILE 2 R IE WC b, JRpEZ 57 iE T8,

~ 06 (a) Ps —m—WC 05
Q 0.5 —¥— Total Cd in absence of WC [ lesl
8 : —@— Soluble Cd in presence of WC 0.4 =
S 1 —&— Total Cd in presence of WC | s
S 0.4+ =
&) ] 0.3 Q_
2 031 a_g-5-0-m-p-"H Q
= ] g1 =
= g1 F02 2
o) - ¢
2 0.2 / —
E L0.1 @
.§ 0.1 I ’ :;
m

0.04 0.0

T T T T T T T T T T
0 5 10 15 20 25 30
Pore Volume
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NI/ SHANGHAJAO ToNG UNIVERSITY PARHKREAEYRINETIRESBIRNEBITARBERLAMAR
0.6 i
- (b) RS 0.5
&) I 3]
= 0.5+ =5
9', ] a_m_n—u-u [04 ?
Q L
£ 044 =2
S F03 Q
2 034 F0
5 L02 2
& 0.2 -
g ] L 0.1 &
,§ 0.1 r‘,_
s ] ~
0.0 0.0

T T ¥ T T T T T T T
0 5 10 15 20 25 30
Pore Volume

B 4-3 48f WC ZEKREL (a) gt (b) PHFEEHLE

R 4-2 NP B SR AR FO A AE TS B 20 b AT HY SR b A 0 R 0K B i 2 e i

Exp Biochar Porous Influent (%) Effluent (%) Retained (%)
No media  Biochar-Cd Soluble Cd Biochar Biochar-Cd  Soluble Cd  Retained Cd
CK1 - PS - 100 - - 0.10 106
CK2 - RS - 100 - - 0.11 99.1

1 WC PS 5.00+0.0 95.0 25.1 1.13 0.15 98.1

2 WC RS 5.00+0.0 95.0 32.6 1.50 0.18 97.0

3 WS PS 10.3+0.85 89.7 29.1 2.75 0.22 96.5

4 WS RS 10.3+0.85 89.7 41.1 3.87 0.20 93.9

5 WC@Fe PS 12.6 £0.0 87.4 22.4 2.20 0.51 95.2

6 WC@Fe RS 12.6 £0.0 87.4 28.7 3.92 0.56 94.0

7 WS@Fe PS 265+ 1.8 73.5 25.7 5.92 0.60 90.3

8 WS@Fe RS 265+ 1.8 73.5 35.7 9.85 0.65 83.5

[FIFE, 24 WS FERTEKRE LA L RERERS, HR - AR IRk BB WS IR
BTG 0 o ARG AL A IR R R R R IR B R L BRI AR T RS I 1Y) 30 5 A 40 5. I
AR RS, H5RMET A Y. TR PRSI WS a5 N
. Ktk WS AT RERCN R HE— TR B3 R K K. Bhah, 24 R b S ik
KT KRG LB PRI E .. BT WS fTEA L MER L) URERFICR 41.1%) 3T
AR KRG LRI EE ) OREFEICR 29.1%).

EbA WC Fl WS G TEAR [F] 34 Rl B AT NI, R WS XHRE R a8 1 e ik
ERERT WC (43 (a) 1 4-4 (a), K43 (b) FIE 44 (b)). FEEHANER: B
J6, WS XTI EE 713 T WC (Bl 4-1). WK 4-2, AR WC a3 MmINIKEL N
0.5mg L, 2) /0 BIKER] 5.0%. 1 WS &5 58S MmIMRE L 10%, 158 2 18R e WS
b, FEMEEDFITE: tsh, WS E TR RITERE T WC. WIKAE EAILL A
H, WS I = [FIUSCER 23300 29. 1% 811 41.1%, 110 WC 15 & [FIUCR 20 5l R 25.1%F1 32.6%
R WS SR TR AE J1ak T WC. B— 5 il WS Hl T4mis e LI R )5, WRkEr4
IV AE A WC Ko
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a2y Y FX 4L
A& & A A Sy
' Shoihno T uiivasny MRS E S ENHNE L RE S BIROIEBITHRBEEMF 5

_ %7 (@ps —-—ws -0.5
o —W— Total Cd in absence of WS L
) 0.5 1 —@— Soluble Cd in presence of WS ==
~ ] —&— Total Cd in presence of WS 0.4 :D
; a

g 044 rE
@) 1 0.3 g
.02) 0.3 1 3 g)
S 1 0.2 2
& 0.2 .
E F0.1 U%
.Lé 0.1 1 _ : o
oy J N

0.0+ -0.0

0.6 -0.5
O 5. o
g ] F04 2

; @

§ 0.4 i s
@) 1 0.3 g
2 0.3 F 0
S 1 0.2 2
& 0.2 -
%‘f 0.1 L 0.1 03
S I —
3 |

0.0+ -0.0

T T T T T T T T T T
0 5 10 15 20 25 30
Pore Volume

Bl 4-4 5B WS ZEKFEL (a) MLt (b) FHHFEEHLE

4. 3. 4 YRBAE A AW IR Bk AR AE £ 3 i T A SR

AR R BIGR R G R R D R AR AE AN [F) 3 A i P (9 28 5 i 2R an 1] 4-5 A 4-6.
W 7R, R SR ) 2808 M 2R T ARFNGNK R T G AR W R ORE 1) 28 325 T 2R AR AL, RI4AK
BRE A A R UKL AT Re P AR AE T IBA b R AEERE . TR 4-5 () F (b)), JKFE A
MR WC@Fe HF ISR R 22.4%, T 7ELL A H IR B & (TSRl 28.7% (3K 4-
2), Ktk WC@Fe 7E4T - AEH xR RS B8 71 (3.92% ) s a4 FH 3 75 /K FE =+ (2.20%)
[T WS@Fe A MR R (B 4-6).

FLii i 4-5 A 4-6, MIFEISZIRZEME T, WS@Fe X 4R LE 33 b iE % 1 i 5 1 FH o T
WC@Fe. FEZHT WS@Fe X4 RE /15T WC@Fe (F 4-1), A H WS@Fe
GEA IR L) 5 RIR ) 26.5% (£ 4-2), BT WC@Fe 45 & SHEIMIKE (12.6%) 1
2 £ JEHAHFSLE AT, WS@Fe fEHIEH MG IERE 5T WC@Fe. X T /KR8 L4E,
WS@Fe LR it 1% WC@Fe [FIERREJIIEIN T 14.7%; Wikt T 40 -4, 3N iA 3 24.4%.

W 4-5 F 4-6, HREHADE R USR58 L3 . AR R B R R
it R, R AT IA SR IR B . B T 9K A AR R ks & A
(U1 Fe3O4~ FeO)FK I IF Ffaf, 5 H 3R IF s far PR S8 =24 R JifE R Pl 3T
TEPEA WU R TS SCRRARE -8 TV PE IR A ML T e 218 ) 25 4 @ 7 A s B R 4 1B
H, TERRE TS MR- E &R E A0k, 3 DLl A HUK- 4 2 A e W )
HEJERAEIEBE, [R50 50 LRI A WL S & SR UR A2
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-1.4

0.5+ :
~ (a) PS —m— WC@Fe -
o —w— Total Cd in absence of WC@Fe 1.2
8 0.4 1 —@— Soluble Cd in presence of WC@Fe -
S —&— Total Cd in presence of WC@Fe 1.0
=)
g L

0.3+
La)) /.__._.—-I 0.8
= _g—u—u-u-HN I
= g1 L 0.6
=< 0.24 / :
2 y |
= - -0.4
5 0.1 1 L
=t 0.2
m L

0.0+ -0.0
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0.5 -1.4
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O 0.4+ L
S -1.0
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O 0.3+ -0.8
15
2 I
g 0.2 0.6
&) -
= -0.4
5 0.1 1 L
=t 0.2
m L

0.0+ -0.0

Pore Volume

(1 8w) du0) pY yuanpyg

(/1 8w) du0) pY yuanpyg

&l 4-5 5B WC@Fe fEKFEL (a) FIE (b) HHFEML

o
W
1

(a) ps

Biochar Relative Conc. (C/C))
s o o o
T . v P ¥

o
o
1

—l— WS@Fe

—¥— Total Cd in absence of WS@Fe
—@— Soluble Cd in presence of WS@Fe
—A— Total Cd in presence of WS@Fe

—m—E—0
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-—1.2
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a2y Y FX 4L
A& & A A Sy
SN T by MASHEAEMR AT RESRENEBTHR MBS

1.4
’%0.5_ (b) RS |
S ] L1.2 m
O 0.4 I §
O 034 Lo 2
ij 0.2 _-0‘6 g
5 0.4 0%
<= 0.14 L &
e | Lo2 T
/q I

0.0 L o0

T T T T T T T T T T
0 5 10 15 20 25 30
Pore Volume

Kl 4-6 &A1 WS@Fe FEAKTEL (a) MLt (b) FHFHEML

e AN, GIRER S A AR R R R E - 58 X B [RIIT RS e 9 T 2E W R MR E T 3
FEFERE ST WITE/KRE LA Ak, WS@Fe Y4B HRFIRE 7143 714 5.92%F1 9.85%, WS
X4 B U R RE AN A A 2.75%F0 3.87%. T H I P B AT AE TS R B R AR 45 &
B, RN AEYR B S FER R iR B M B MR R . 13K 4-2, WS@Fe 7
KRG ERLL AR HBTRERE ST (5N 25.7%M1 35.7%) /T WS fEKFEE (29.1%) Al
it (41.1%) HFRREREE ). (HRHET WS@Fe X T4 A 715 T WS (K 4-1),
ANV WS@Fe 454 42015 26.5%, =T WS &6 BMIKRE (103%) 2 52, F3IHiR
W SR IR R R BB AKRER S A AR R BORL ERAR BRI A A [ g i 4w, (2
FE % B A R R

4. 3.5 AW AR R AT 3 1) B S

AR IR RSORE0T BR E 7K ARG RN T 4 s B i R 1] 4-7 R 4-80 40 AR kLAY
TEMRZFAE T, FREKRE LA i B 2RO, WM B ERCER 99.1%H 106%, 1X—
GERSERM IS HORAR A KR AT - i B e 2R R B, 6K RS A, AR A B
FENTRE (0-1 cm), KA EEIHER 91.7%, B IR, 48R0 HEE 2RI
I, BAEHEARR 0o MAEL AN FIAL B3 B AN S B B 60.9%, BEAE T AR FE I
I, BRI AR PR . R BT KR b A R R A R R B R
(E 4-2), FAENKG A G IRIRBOKFE LRI . 96 VR BURAFLERT, BRLE AL (i
BRI, WA AEVIRATAERS, #320 100%ii FE EAE T, 9B EYRAER,
HH )3 B B PR 80%-98% (3R 4-2) . AJEAW) MR 88 (15 B 6E 71 (97.0%) 5 T A5 FF
VR BRL (93.9%). FHAREKREL (96.5%) R EES T4t (93.9%). BTk
R A R R ORI OHAR W B R e (B 4-1), ThIRIAEIIAE Jusom (& 4-5 AT 4-6), 4]
AR AE A RO B > . Wy WS ELERS, HRTE BRI BN 93.9%, 1 WS@Fe
FEAEIS, BRI B B R 83.5%, Ui BHGN KRS & AR V)R MR BE 25 7 45 i 4R 7E L g R AR
T,
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= | (b) rs
2 1.0
& |
g 0.8
8 1 [ | —m—Cd
0.6 —0— Cd+WS
'a:: ] z —A— Cd+WS@Fe
'S 044
[}
Qﬁ 4
S 024
2 ]
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S 0.0 A= —a—2@

T T T T T T T T T T T T T T T T
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Kl 4-8 JRIEKREL (a) Mgt (b) PHIFEE L

4.3.6 LW FIURL X A B [T RS ML

N HE— DRI TR A R ORI RV R R AT 9 5 AR FABLI, T H R R AR A A
RFRLIEAT SEM-EDS RAE (B 4-9), RILGPKESE A V) BR R HA R0 = A7E, Wi
YRR A LR R SR B RV AR AE LA R AEIERS o BEAL, 20 b HE SRR R A P G KR A B
YUORERE G R R S AR E R AR GO R (B 4-10 1 4-1D). FTLURIN, g
A=) R AR IO DA B KR B2 A o VAR 5 e B P B B (A A o T A e
W RAEIER L, X RE DN 0.934 (WC PhFRSEAEKTEEFIER). 0.888 (WC #1[H
WEELFIER). 0.928 (WS P E4RLEKRE LR ). 0.931 (WS HhAEEL - hiER).
X T YURERE G R R R R AR R SE56, AHOCRESr R 0.882 (WC@Fe HhIRIFRHTEK
FEERiERE) . 0.960 (WC@Fe thA#A{ELL - HIER). 0.961 (WS@Fe WAl 1E KR it
F£). 0.900 (WS@Fe W [FI4RAEL L rFiER ). IR AE MR Je 4 Kk A AW R
5 RV BT AR G R AR 45 A S R e TIER T M EERE . Bk, AYR
AT DME NI EAAR, 0 R T IEIER . MO SCHRA 6T B E ois ek g, JFH.
P[RS R I R B ARaE S 82,

B 4-9 HEBH KRR SREFTEWRKBRL SEM-EDS &
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RESRIGLERERW], VIR RE VR BAE, R AR . LR R AL 4L
R R 2R KRR e, B i T AR R BORLAE 21+ HIE R RE V9 T KRR
FHERS o« BT USR] 0 3RS E 2 S MURRI ) RIE AR BE T, AN ITUSEN B [R5 A KT RE
Vb A SR8 I 23 FAE LS g, U] S A A SR 2R . i WS X AR BR E 70 5%
T WC, itk WS R I IR B 15T WC. HPUKRE S MR E, HXT T ae
JIW AR, B R TR S AR R BB RE R PRI E N KR B
EEYIRIE R AR G, O (0 ORI RIS, %5 8 B — D U RS Y
TR RS o
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ELE FIRESRE

5.1 g

ARV SCIEEL T PRI AR E A R, RIS FIRSFE, @ R A AL, R4
JRIIEJEEE ST, TE S00°CIHRAE T M & AP KBRS G Bk . i 4 i 7 B - R 4>
B X SFHERATH . AN ERES T, T RAKER R & AR B S5 R 5 3 I 55 I Bt
SEEG, WAEAEYIR . GURERE A AV R A IR O TR RE 15 B AR A SR, 4
ST FAEKFE L RILL A B, AW R RGO BR ST 6 A= 9 o B o 78 AN B[R] R 7% 1) 28 3 it
A5G, CLRAEYIR GRS & ARG A IR R R AT AR5, R P
Bl 2 AS [RS8 S5 A T A P RO AN G K Bk 52 G 2R 0 o R 1) 28 55 H 2R AT 100 6 o R AR
AR

(D) #IBHGKEE SR, Eid SEM-EDS. XRD. FTIR 57047 K& Ik 5
JEEER, PR R BR B AR TE R E ] ORI EEAATEIE SN FesOse

(2) BV R EA SiO2y CaCOs 50 V), FHAVIKE TRAT K tREES
WEHKEMKC, HEARKENRASEH, BRE SN EMRAE—ENRE, SAERA]
R A T S B AL T AT 55, DRI RS A AR R o AR B SR TR B AE R, BB A AR Xt
B o T JE A AR o R ) I AP AE RO IR R 22 R, 404 pH {EH 5.05. /K
Fet pHAE N 7.58, S HHEZMEEEENY), FI/KFE X 80 R e /134 3 5

(3) FEMIESZIG R, R BUEYD R ORI FE Ak 5 A A5 MR ORIV B #1028 N T T
Bhnisghn, BRI A, 5 IR A xS, REFT AR AR R AR FT AR
IRAE AT 5 T ARG R AR T A AR B A s BT A 8 24 IR L Ik B
W, 5 EEMIR BRI A ) R AR TH 5 A6 TR 57 F A R AR R L AR, KR 0 F B e
o MRS, AVIRANERE A ARV R BT R AR AR R T S A b, 5
JR ) e KA B FRAR, LR RE VIR . BT SEO0 26 1F T H IR P AR R UKL I 7K 77 5 147235
INF NI AR AR R SR IR K 15245, HE AR R AR 0 R SR RN 4 Kk R AR A R SR 1)
Zeta FALIME T NIRRT AEY R UKL Zeta FAAL (CFURRTTIRZD ), BT DA RS ML A1) 25 B2 ik
{14 [ SR A0 AN R THT HLAT 372 J 1A S8 o

(4) P B30 /1A Y RS AR G 6] A [R] S 58 4 38 AR IR0k 28 35 i 2o i AT P00 &, R2EA
F#EBRT 0.950.

(5) FEWESEIRIC R, AR PR B RS LI b R TR . ERAE
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INTERACTIONS AND CO-TRANSPORT OF CADMIUM
WITH NANO-IRON-BIOCHAR IN NATURAL SOILS:
LABORATORY TEST AND NUMERICAL MODELING

Biochar is a kind of pyrogenic carbon produced from bioenergy feedstocks or agricultural
wastes in limited oxygen at relatively low temperatures. Recently, land application of biochar has
been widely implemented for carbon sequestration, soil remediation, nutrient retention, and
contaminant stabilization. The biochar particles applied in soils have a wide range of size.
Depending on the feedstock sources and pyrolysis temperature, the weight of the biochar
nanoparticles (NPs) ranges from 1.6% to 2.6% of the total generated biochar particles. Although the
biochar NPs have a relatively smaller portion among the biochar populations compared to those of
the larger ones, these small biochar particles are reactive and will vertically leach into the surface
water via runoff, drainage, or irrigation. The biochar NPs may likely transport downward along the
soil profile via infiltration and enter the groundwater system, posing potential environmental risks
because the pyrolyzed biochar could intrinsically be rich in organic contaminants (such as PAHs
and dioxins). Furthermore, the biochar NPs that inherently show high adsorption affinities for a
wide array of environmental contaminants (e.g., inorganic, organic, and pathogenic microorganism),
are likely to expedite the transport and the wide dissemination of sorbed contaminants via ‘colloid-
facilitated transport’. Therefore, a full understanding of the fate and transport of biochar NPs is
critical, not only to better optimize their benign use in agronomic and environmental advantages but
also to evaluate and minimize potential negative impacts of biochar NPs and biochar-facilitated
transport of contaminants in the subsurface environments.

In this thesis, two typical biomass raw materials, wood chips(WC) and wheat straw(WS) were
selected and pre-mixed with iron oxide to produce nano-iron-biochar(WC@Fe and WS@Fe) by
pyrolysis at a temperature of 500°C. The structural properties of the nano-iron-biochar are
characterized by scanning electron microscope-energy dispersive spectroscopy(SEM-EDS), X-ray
diffraction(XRD), and infrared spectroscopy(FTIR). The adsorption capability of biochar, nano-
iron-biochar and soil media for cadmium is studied by isothermal adsorption experiments. Through
column leaching experiments, the breakthrough curves and retention mechanisms of biochar and
nano-iron-biochar alone and co-transport with cadmium in paddy soil and read soils are studied, as
well as the effect of biochar and nano-iron-biochar on the transport behavior of cadmium. The two-
point kinetics are used to fit the breakthrough curves of biochar particles and nano-iron-biochar
particles under different experimental conditions. The main findings are as follows:

Firstly, the produced nano-iron-biochar is characterized by SEM-EDS, XRD, FTIR, etc. It is
found that the biochar is in a lamellar structure, and the nano-iron is dotted and distributed among
the layers, reducing its agglomeration. The content of iron in WS@Fe is 59.34%, and the main form
of nano-iron is ferroferric oxide. The original biochar contains silicon dioxide, calcium carbonate,

and other minerals. WS contains a large amount of KCI due to the high content of K in the straw,
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and it contains a lot of C-O structure. WC@Fe and WS@Fe have a certain carboxyl functional
groups, and these O-functional groups provide adsorption sites for nano-iron-biochar to absorb
cadmium. So, WS and WS@Fe have stronger adsorption of cadmium than WC and WC@Fe, nano-
iron-biochar has stronger adsorption of cadmium than the original biochar. The maximum
adsorption capacity of cadmium was 52.1 mg g (WS@Fe), 47.7 mg g''(WS), 22.6 mg g’ (WC@Fe),
and 3.08 mg g"'(WC).

Secondly, the studied soil mediums have large differences in properties. For red soil, the pH
value is 5.05, partial acidity, the Zeta potential is -31.4 mV. For paddy soil, the pH value is 7.58,
partial alkali, the Zeta potential is -17.3 mV and the contents of iron oxides and aluminum oxides
are higher. So the adsorption of paddy soil for cadmium is stronger, its maximum adsorption
capacity is 3.60 mg g!, six times as much as that of red soil, which is 0.655 mg g!.

Thirdly, in the column leaching experiments, it is found that both the biochar particle
concentration and the nano-iron-biochar particle concentration increases with the pumping of the
solution. Because the surface potential was more negative and the repulsion between soil particles
was stronger, the transport of WS and WS@Fe in soil column is stronger than that of WC and
WC@Fe. The outflow ratio of the final point of alone transport in red soil was 0.818, 0.628, 0.678,
0.502. Due to the higher content of iron oxides and aluminum oxides, which are positively charged
and may lead to stronger electrostatic adsorption on the surface of the biochar and nano-iron-biochar,
the paddy soil has a strong retention capacity, and the outflow ratio of the final point of alone
transport of the above-mentioned particles decreases to 0.429, 0.413, 0.374, 0.341. When they co-
transport with cadmium, biochar and nano-iron-biochar show a decrease in surface negative charge
due to cadmium adsorption and a decrease in the maximum potential energy between the soil
medium and the transport capacity. The outflow ratio of the final point of co-transport of the above-
mentioned particles decreases to 0.567. 0.476, 0.460, 0.407 (in red soil) and 0.354, 0.312, 0.302,
0.284 (in paddy soil). Under all experimental conditions, the hydraulic radius of the biochar particles
and the nano-iron-biochar particles in the outflow liquid was smaller than that of the biochar
particles in the influent liquid. The Zeta potentials of biochar particles and the nano-iron-biochar
particles in the outflow liquid were all lower than those in the inflow liquid(negative charge reduces).
So the retention mechanisms are mainly the particle agglomeration effect and the surface charge
heterogeneity. The diameter ratio of biochar particles to soil medium particles under different
conditions in the experiment is between 0.00050 and 0.00060, which is less than 0.0020, so the
obstruction effect does not play a role. According to the DLVO theory, the second minimum
potential energy is between -0.0040 kgT and -0.0050 ksT. Between the different experimental
conditions, this value does not change much, so the effect of the secondary potential trap is not
significant.

Fourthly, the two-point kinetic model can well fit the particle breakthrough curves in different
experimental systems. R? is basically greater than 0.950.

Fifthly, column leaching experiments also show that biochar particles act as a carrier to co-
transport cadmium in soil. In the absence of biochar particles or nano-iron-biochar particles,
cadmium is almost completely absorbed by the soil medium and retained in the soil column. Biochar
particles co-transport cadmium more significantly in red soil than in paddy soil. The ability of WS
to co-transport cadmium is stronger than that of WC. Nano-iron loading enhances the ability of
biochar to co-transport cadmium. The concentration of biochar particles and nano-iron-biochar
particles in the outflow liquid is basically linear with the concentration of the total cadmium. The
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ability of different biochar particles to transport in different soil media and their adsorption capacity
of cadmium, and the capacity of soil medium to absorb cadmium, affect the co-transport behavior
of biochar and nano-iron-biochar with cadmium in soil medium.

The major innovations and research features include:(a)Pre-mix ferric oxide and biochar before
pyrolysis to produce nano-iron-biochar rather than use the common method of liquid-phase
reduction deposition;(b)Study the co-transport regularity and retention mechanism of biochar
particles and nano-iron-biochar particles with cadmium by absorption in real soil medium; (c)In
addition to the basic experimental work, the two-point kinetics model is used to fit the breakthrough
curves of different biochar and nano-iron-biochar in different soil columns to predict their transport
risk.

For further research, several improvements can be made. First of all, different biomass raw
materials and different production temperatures have a certain influence on the structure and
properties of biochar. Different modification methods also have a great influence on the
characteristics of biochar. The materials for this study are only the wood chips biochar and the wheat
straw biochar produced at a temperature of 500°C, as well as the nano-iron-biochar with a 1% pre-
mixed ratio of ferric oxide, so there are definitely certain limitations. Therefore, other biomass raw
materials, other production temperatures, other modification methods (including premix ratios) and
other factors can be comprehensively studied, and their co-transport mechanisms with cadmium can
be studied, to comprehensively determine the best method to produce the nano-iron-biochar to apply
in remediation of soil cadmium pollution in the environment.

Besides, in practical applications, different soil properties will affect the ability of transport of
biochar, nano-iron-biochar, and cadmium. Subsequent studies can be based on the actual soil system,
besides the ideal quartz sand system, for better prediction of the transport and fate of particles in the
environment.

What’s more, each type of model has pros and cons to fit the breakthrough curve. Two-point
dynamic model is used to numerically fit the biochar particles and nano-iron-biochar particles in the
soil column. The result is good in these experiments conditions, but other models for multiple

corrections can be tried to more fully predict the fate of particles in the environment.



