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This research project is the development of "localized biomass-based hydrogel recycling
materials" is planned. A material made from chitosan/alginate/biochar will be created and
magnetically modified to fix or remove heavy metals from soil. This study aims to use the heavy
metal adsorption capacity of this material to adsorb heavy metals from soil. Additionally, the
magnetic modification facilitates easier separation of the material from the soil. Furthermore,
hydrogels can serve as soil amendment, achieving nutrient and moisture retention in the soil,
reducing non-point source pollution in agriculture, and enhancing crop and soil health, thereby
aligning with the goal of green and sustainable remediation. The main research objectives of
this project include: (1) continuously collecting the latest international developments in green
and sustainable soil remediation materials to improve the preparation process of localized
biomass-based hydrogel recycling materials; (2) conducting large-scale pot experiments
simulating paddy/upland fields to establish heavy metal flow analysis and mass balance in soil;
(3) establishing the reaction kinetics and isothermal adsorption models of the material to
evaluate the environmental stability of the biomass-based hydrogel recycling material and
proposing standard application procedures, including application frequency and dosage; (4)
conducting a cost analysis of material preparation and evaluating carbon emissions and
environmental benefits of the process (e.g., crop safety, soil moisture retention, soil health, and

enhanced soil resilience to climate change).

This project successfully fabricated chitosan/sodium alginate/biochar hydrogel beads
(CS/ALG/BC). The preparation method involved adding calcium chloride to a chitosan solution,
which not only induced the formation of spherical hydrogel beads but also created an additional
protective chitosan layer on the surface. This protective layer stabilized the hydrogel structure,
preventing cracking after drying and enabling the beads to re-swell to their original volume
upon immersion in water. The dried CS/ALG/BC beads were then mixed with a surfactant in a
ferrous sulfate solution and stirred for one hour to allow Fe(II) adsorption onto the beads. Under
a nitrogen atmosphere, sodium borohydride (NaBH4) was slowly added as a reducing agent to
convert Fe(Il) to Fe(0), yielding nano zero-valent iron—loaded hydrogel beads
(nZVI/CS/ALG/BC). Although nano zero-valent iron tends to oxidize into iron oxide (Fez03),
an oxidized shell forms on the outer layer of the hydrogel, protecting the Fe(0) core from further
oxidation. Liquid-phase adsorption experiments for heavy metals demonstrated that the
adsorption capacity of nZVI/CS/ALG/BC increased with contact time. During the first 60

minutes, water absorption expanded the number of available adsorption sites, accelerating the

XVI



rate between 60 minutes and 2 days, and reaching a relatively stable capacity (near saturation)
after 2—4 days. Higher initial metal concentrations led to greater adsorption capacities. At the
highest tested concentrations, the equilibrium adsorption capacities (Q.) reached 41.70 mg/g
for Pb, 30.66 mg/g for Cu, and 16.03 mg/g for Cr. Kinetic modeling showed that the pseudo-
second-order model fitted best, with R? values ranging from 0.9924 to 0.9982, indicating that
chemisorption dominated through mechanisms such as precipitation, electron exchange, or
covalent bonding. The Freundlich isotherm model also exhibited high R? values (0.9943—
0.9999), suggesting multilayer adsorption on heterogeneous surfaces. According to Freundlich
analysis, the adsorption intensity followed the order Cu > Cr > Pb. In contaminated soil
adsorption tests (mainly containing Cr, Pb, and Cu), adsorption rates declined after 14-21 days.
When 2.0 g of composite material was added per 100 g of soil, the removal efficiencies after
28 days were approximately 26.50% for Pb, 24.56% for Cu, and 21.38% for Cr. A pot
experiment was conducted to investigate the migration of heavy metals in soil systems and
evaluate the hydrogel’s potential for resilient remediation. In the experimental group (1 g
hydrogel/100 g soil), 93-94.5% of ionic Cr leached out with percolating water in the control
group, whereas in hydrogel-treated soils, the material adsorbed about 7.0% (paddy soil) and
12% (upland soil) of the total Cr input. Application of the hydrogel reduced Cr concentrations
in leachate by 5.8% (paddy) and 10.8% (upland), decreased soil accumulation by 22% (paddy)
and 25% (upland), and lowered plant uptake by 50% (paddy) and 33% (upland), demonstrating

the material’s effectiveness in mitigating heavy metal mobility within soil systems.
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Cd (II) adsorption

adsorption
labile Cd @

Immobilization

nZVI/PCSs

Blw ~ 2 pkd 8% nZVIPCSAF & HHftexfif 2 3¢ 2 184

Xu % 4 [S5] @ % 1 £ frR R WK BRI T RSN & HE
LMLk (BT ) Bala it i BmERER 3.75% (ww)- &R
VR 1] BB R 40°C A R IT 35~80 P ~ 10% N - FER T 6
ho Mg i seF 5 74% o Mt (7 5 & i 2 FFds 4 & Hi04] e Langmuir /8 w1
WAl - 50 % pH=5~6 Pt Pldc i s o 41 & MALE A L ¢ 324 5 4

E o~ asEpale (B% UK s HER el fre @R %o
Scrap i u'on ﬁlmgs ——————— Influencing factors |———————
Chitosan 4 -[ £ } . \
—— ‘ II Initial solution pH CFF dosage Soil moisture content :
'l' % |
35 80 mesh 3 75% (wiw) | :
|

Mass ratio=1:1 | :
T=40°C !\ ]

10% (v/v) glutaraldehyde R e e e e

Stabilization
efficiency was
73.98% after 35d

Chitosan-modified SERADE 000 e e
iron filings (CFF) / % Surface complexation
I » Hydrogen bond coordination

As-contaminated soil

| > Precipitation
| > Electrostatic attraction
\ » Van der Waals force

R
|
|
|
|
|

Remediation mechanism

BT ~ % 1 RRBA e B RMBUA A & P R ME R 238

Hu %+ [6] B3 - 85 A 32 prasg :tzwwfrwﬁ s Eh- BT
FoRE A R R o R RIRIR MR Y SRR B AR Ll B
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@ cd o\: PC-Fe-Cd
PPC@PC-FG e H . / Remove

Deep Adsorption stage
[ ]

O
00 egradanon'

Activation crack on start

ALK R (6]
Bl > Ba - i~ 32 Pk il Y 2 B Y e

Pu & & [7] 1% 2B PEREF 2 wRMo R E UK E 22 B KA ST
1B R AE/Fes0s 2 A 4F & 14 o 3t pH=5.5 fif & 25°C BF > Pb?fr Cu?" ' %
T4 805 113.4mg/g fr 923 mg/g "L > BRI NT & M2 dw oo 1y
d EDTA-2Naj&jis> 22 4 » % T IS 2 ML g2 TP ferm £47 0% * 2
L T L R R = 77 o

Magnetic chitosan
nanopowder

>
Z
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Facchi & % [8] »* @ e R @A > f* BEPEE 5 Bepadh ) = Lo

HEZFAVEFV R RS o BT "’:“;?F 4v Fe3s04@SiO2 (8 = 3 nm)

MOERA S ML A5 R A BT & HEKEM pH 6.0 BF & B

fo -76.8mV AE T i gttt R EAE E 2 A A E (Qm) K 5 2348
mgg ' o

0
COOH COOH $00 } BZ Dialysis O
0 0 OOH ‘ > 3 (18)5 ‘_\."r\vx E
0| (OH ‘ Beads removal Frozen 000
O \OH { O
| il g R N \r” : } Dried at 35°C |
OH OH OH . E] Lyophisation B3
P | S0°Cat72h
Alginate -| "
1 t s@
gt Dried at 35°C 3
q i Beads removal Aggregation
. Washing Beads removal
Ultrapure water

on [ o | o Bl | e

) —0 oSH 9
y ol oH 0| LOH o) 15?:’“1
OH \-—/ “"r_v
oH oy | MWy e Supernatant removal \_/
y A min_
Chitosan ‘
(1.0 wt.%) '
| (:) : x 3 >
. Beads (300-600 pm)

TR &R 8]
B~ o~ WITBRPE S A Rl K AR AR

Feng % 4 [9] B4 &-4ivh 4 4 3Tkt 4 3+ A (f§4£ FBC) » ¥ 3fask 1@,
APREAF PN AREIFTRFEEBETLF B RB2ZPR-FBC LE L EF
PR RfrE G TR F T AS(V) 0 B RESEF TR fos & B Cd() > ¥R
R > Mm% g {dedk B 5% o FBC $ As(V){fr Cd(ID)2
S BRE E A K5 32.0 mg/g fr 1293 mg/g e vtk > X5 4 1 EP v F 2 FBC
A EEF v £5 4k 95 2 FBCHIE # 9 57%FBC it B 48 0.25~2 mm)
2ARAR LA A E2 TR o A WEE 21.4%F 8.3% 4o El4,
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Remediation effect

Stabilized mechanisms

Biochar modification

Goethite nanoparticles Adsorption in solution
modified biochar (FBC)
i Electrostatic
Surface attraction
precipitation .\.j\
Redox ‘ ?
Complexation ¥
2 ®As ®Cd

Stabilization in co-contaminated soils

20 .=
* °
HMs. N e
Adsorption S s S0 APS
» o
-
) . -
- * .. o l:n
E “
o S e w .
™ Wt .
B Soil particies - o
D \ux '(I’o I l ww Illl \'t 'll ‘l l:
As:Cd

3% ¢ As(V) e Cd (1)
L&/

(e-FeOOH) Agglomeration

Goethite nanoparticles

Shesr strengeh (kPa)
£
>
»
»

z &
-
-
H
3

F

Internal friction

FAL %R 0 [9]
M4 > S4BT T2 # R (FBC) ARH i

a4
Yu & 4 [I10] % 8+ 2248 2 Rp KRR/ FRsh/BERE
( SHNC/SA/CS) ki@ ezt » 4l %s@mr@i IS L ¥ e A0 S
&2 Pb(ID)4r Cu(Il) » % 1 iR B &7 1 (18.67MPa) frif k% (21.43°£0.65°) %
SR (% 5 80%) -

e*® O Q
b =3 4
Cs SA Stiming2h 1 -80°C .
05¢g 3 D=
¢ ! o L —) —) |
170°C Freezing 24 h 00 o
900 rpm "j -
DI water 60 mL SA/CS solution SA/CS solution 5% CaCl, solution
N SA/CS hydrogel Stirring 2 h
3L microspheres Q
= Sy ¢ - oy
o~ \ B 110°C
’ ~3 Y, 1300 rpm
& | A s
e 5 W 6
P P o S = i
A\ )< (LN
i T Hydrogel microspheres 60 mL SHNC solution

0,1,2¢)
AL dGR 2 [10]
b AR AR FURHOR DR ) $ B

Rahmatpour & % [11] B % - a7 F &% (Xanthan Gum ) {2 Rk p e st
P AT A R fR2 R FERN PRl - o d2 k¢ e CdP s Nittfe Cu”
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FZF Y RET
B o g 25 °C B Cd' ~ NiPfe Cu™ it > S B g3 4 %) 5 1523
144.8 1 139.7mg/g; p* b » 2 P s g £ 2 0 3F £ AT B FT B FRS e

R, Kd— o

1 NI Qe
[o~L [ L
.}./:\,
Clonsn saion casting
+ -

T kR [11]

24X &8 (nZVD) - EAF T IT5 J2E £ 77 2 AR 2373 B £ sk
R@’ﬂﬁ;:%@’*kw’?ﬂﬁ¥%xﬁ’ﬁ LigAeE T F B
4’Bﬁﬁﬁﬁkﬁﬁ@°%ﬁ5@ﬁﬁﬁ~m@(%* Bl AR
BFitp/a i ity ) 28kE7F P RRP T2 R RS E o 1395 Tarekegn ¥
A[12] A f 0 25K R 4l (nZVI) £ 5 Fe(O)frw oty b B ol
FRRAA > AETLCERGoE T AT T PF gk o BR R~ UK
1@%»&%# it % nZVI 3 rfokdp e ohE £ B 5% o2t F pH BT o
FOBET LTI SRR IT ST o F RS £ BRIERE AT nZVI

%6 o HACE L Z ot o

p Complexation p,. Cu, Pb, Cd
W M®: Cu" Pb?, Cd™

-

J Sorpticn

‘
Reduction

Fe nxlﬂu‘lvn.m' ' k%::‘ @
& AN
9..©

Px_}i ik [12]
ML=~ 2587 B4 (nZVD) e &)
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FZF Y RET

AAFRS (nZVD) WH 637 BBRBAS S 2B RA (bliomi
L4 (NaBH4)) # 2 F R F 3R> %k ¢ ffo NaBHs i 2 A4 1 53 %R
FEETHAKE FREERY B (Z RS TH) B A2 2 24
MR R 0 A S R e BRI R 0 2 S (D~ Q)T
Fe(II)# & 5 Fe(Il); A @ E R R H T LT & 5 nZVI[12] 4o B+ = #77F ©

4Fe¢ (aq) 3+ BH4 + 3H,O — 4Fe (s) 2"+ H,BO;  +4H ag) T 2H 2g) (1)

2Fe (ag)?" + BHs™ + 3H20 — 2Fe® () + HaBO3 ™ + 4H (ag) " + 2H 2g) (2)

4Fe (aq) 3* + 3BH4 + 9H>O — 4Fe’ ) + 3H,BO3 ~ + 12H ag T 6H 2 3)
NaBH,

A
O
o

: l—l Ethanol
il

"—"' Filtration | weh i

Fe(lIIC, or Fe(11)SO,

FH kR [12]
B+ = > kde £ 58 R2 WK nZVI
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33 B % FEHPEFAIPRRIELBTE T HFHS

1295 Zhang % 4 [20] 75 > B[ F/ERPER/ L P RAT & AL F G S IR
A RF LR KGR AR LR R R TSN e
F i3 A4 NHy 3z 2def] b w9757 o

Plant growth \\¢&

Pollution
mitigation

Hydrogel-biochar composite, i.e., PAA/CTS/BC

Np, N;O NHy Fertilizers )
P :

fﬁiidfﬂ - [20]
SR CFIBRRPER/ L AR E MR R R AL £

A e d P RACRE G/ BRPERL/ A & A & TR R E :‘%irkaéé'—* +
gyte 2P RACEP /R L P RAF & MR L B ROKAEERE F R T
S AR I () FE O ER A ERrER 2 R R FH @ }\
FRNEERZ EAR T (7)o BEMla 5 o e BF IERRR L RAT &
el 2 EFIME £ (Fe-Mn~Cu~Zn~Ni~Pb~Cr~As) 7 &P 5 MO R
A e RPOG/BERPE/ AP KA E R HESIINE £ B pr gl T 50
AR A RPG/EEPE/ L RAF AT G ME & s e

ey o G AR SRS Fa

FH kR ¢ [20]
(BRI RERE LR (T)ER B APPSR E £ 5]
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Mi % 4 [21] FH-kfen ¢ € 24P F2 e o e Bl L 2 T 0 AT %

L SURD TN LI SR R OE S L S0 LR SRR R LA
Bod AL s i ke LR e 2 RE2 4 R IRT -

Input Output
P— Rice harvest
osphneric > 8.93%
deposition 40.75% t ’
\ Al
Irrigation water Surface runoff
57.71%  —) —)  57.65%

—

/ Moderate-polluted
Pesticides and  Background-polluted

Fertilizers 1.54% l Leaching water
33.43%

o kiR [21]
DRSS ARE 3 ¥ £ a

Park %4 [22] 1" S L Bfrd b2 At BEELH SHEN 2484
ELAF AW 2IRELERT»  BREE RS- - RHEFAT S 2HER
i & kiRk p BT (5 55~61%) @ LB H N5 L0 (5 56~60%)
BBIE E e AT LR G REIRE D FEE RS

o

*= v

Control

Contaminated soil

Covering Soil
(Loam)

Contaminated
(6 cm)

Soil
(9cm)
Stabilized Soil

(3cm)

¢ (7.5 cm) >

(a) Control pot (b) Stabilization pot

FA kR ¢ [22]
BlL- ~ 282 AR L B e @&kl
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9% Yang & 4 [23] 27 > Jl* s A RA A F v ey V4> T i34 1L

B n PRI R AL ARRRRT A R S
_\,El;% 30 X 6 4 KR FACRl S AN AT o R T “%%;I—r ."{—gﬂréc{ 5 11 FepO3
-ANA > Cr3+‘Cu2+~Ast"fr Pb? 2 5§ 5 "5 K o ip B % BT FeoOs3-ANA £ 5
o R KT HAIE B Y i B £ & B
Ko d P Bl d o

| -1
u l_ ~ i -
y —
Y |
100
: -

Fe20:-ANA dosage in soil [g/kg]

500

200

Heavy metal content in soil [mg/kg]

Blank
TR kR [23]
B~ 280 F4 L 302 4@ e
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LERE S VL T Y SR

42.1 4 4 A -KBERMF A G 2R

TG h BERE s RS/ P R kSRR (CS/ALG/BC) 4% 0 4r
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R A RE SRR ST 127 R RSB ERE I kR
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o FlE R R REBERFER R €N A BRGS0 AR HE o
i A A A ¢S SRR IR A g 2 BRI o )
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e}
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lg i +1g AR g AR HE +0.5 g CaCly
100 mL #hoK - 38412/ 6% 750 mL 5%EEE% o I 1NBF

AR SR BN Y R AR
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FTH &R ABpEU-

Blo -~ BB RS/ 2 P R kEB sk (CS/ALG/BC) % iFinfz

R AP REE P AN SR AR B IEP el - T o
BAEETOmML A G 03 Memeg it4 (NaBHs) 3% 0 5% > R kR
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.‘}. ok & B§E
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422 24 4 H R AR S R %
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ERE ERBEFARY o F REAY A RERFLZ (05410203040
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t 1 t
o K Q.
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A A
10 cm
A 4 v

8 cm & cm

TR ABBEEH -

tf&aﬁﬁéﬁ% Uo- AEARIEELT 2 (2R &G
ek die ) & fiv-ﬂ 10em 2 %752 2 8 (A=A Urkes iR
HHhF AR ) Ep o 10mL 2 I REEEBRLIE (HMELELEHFTLARL
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$IF o BEEUG
FIF - B%8HE
50 9# s 25 Ak Es

Ard L ER Y A RBP4 R/ S R REB R (CS/ALG/BC)
P o B2 2R T e iide s 42,1 & L R R A ERL PN TR
FordeBl = + = A1oT o

B ORELAN 2 P RIB R BRPER R KR IRA)

Y .

Bk Wit W] EEERHTH
Bl= L~ ~ BBEPE A R/ P R kB sk (CS/ALG/BC) # i

BORPEL B Rpes ki3 iR VAR R P L H ST SEp
*%aﬁWOé e ik gl AR 1Y R R TR Bk AT
PR IR KRR o KA B A RGBS AR h Tk AR griEAR Y
FEOBA s ERE R TR L H g o

,1}3 At F\: ey ﬂ“ %L‘L%%}\ﬁﬁ://‘niﬂ v~ F 'Lﬂ’ it H l’]j’:’\;ﬂﬂﬂl""i;}’l\;d‘é‘i
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A4 >

I F >~ BREEHG

TR P BRPEAL B d TR R ) F - SRR o 0 SR B IR R kR
BRI E R B RA o R AR SR ORB R R RS Rk
PR RFPL A - BT E P B AP R (BC) T REL 55
Mgt s MR E £ Boi 4 o Blo - R BRRPES RRS/ SR
R IR IR (CS/ALG/BC) 2% 5 B AcH (SEM) B50jer B A4 & M 4 & )
b8 B o

il 3 ——————200 Wm ¥R
High-vac, SED PC-std, 10 kV. 12/17/2025 _0DD58T igh-vac, SED PC-std. 10KV x100 12/17/2025, 000589 Il High-vac. SED PC-std. 10KV

m
270 12/17/2025 F000590

M= L=~ REPEGS A2 F ARSI R (CS/ALG/BC) BACH ¥ i
BEx A 2 o SR SRR/ RN 2 # RCR ok (CS/ALG/BC)

LERRRUEE R o BRI AL E BT L AeR S S T o s BT
PR IS £ R ¢ T R

Chitosan

Alginate

) Biochar
TR KR ABEEE -
Bl= =~ ~ BORPE/S RS2 P oROK ARk (£ CS/ALG/BC) ;—Ef#
KRR  RT TR A KRR B4 (nZVD) S ERPE G R/ A B RCK

ks (CS/ALG/BC) 2 W& # 3 o 7 % > #leiz s i CS/ALG/BC skak £ |t
B AR » R T4 (FeSOs) 3iR® » 45 b 1 /P> @ Fe* 43353
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A ORAE IR A G o S AL Fe Ry o AHIE ~§ F 'lﬁuflpni’“; ¥
FoomEr LR BB o At EE T 0 BRIFSomE 4 (NaBHs) SRR A 0 #
Bt Iksk A w0 Fer AR R A X R B (Fe)e =B RF BT LA HE 1
JRERS 0 BIRERE S Rt P Bk BT RRGRZ o %%F it & 32|
SRR Rt dr o TE @R A K R AR RRPES LA/ B RKR
Brksk (4 nZVI/CS/ALG/BC) -

P R GRS SR L e 8 3 R G o
WA R i R R Rk MY L F R RAT R R K

WA EARE B ET B 4T Bakkid w53 g;\. nZVI »
T SR TR BF ENS Y L

{2
- =

= —

Mok RMRE R G B | BRI BRBECEF F)TE | BRFEERAET

B b FrpRABIR R Ao | B ~ NaBH4 B R & o T L
# 1] EEFHEL

AN S S Y TR R T

ZABRHB(nZVD) ez § &kP h g it 2 25 L4 (FeOs)s R o
¥ nZVI S BB PE/ A AN L P R OKEB TR (CS/ALG/BC) @ P& > 44t
B g A5 - B EE g VIRE AL ARG PN Fe® AR - HF T o spfi iR
P W shakp el A S BT MR sk R R UL F
3z {8 e nZVI/CS/ALG/BC ZfzR & ;ﬁu-‘k Ttrd oA B4 hE AR g L4
AIRRR IO R 2 AT BB T AREE LB RRERY FHELA N -
Bl= L 5 nZVI ;k»:? CS/ALG/BC % & B ficdt (SEM) #:ff> v ¥ By fRr 34 14
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T : v

High-vac. SED PC-std. 10kV. X 22 12/17/2025 000584 1l EP! x 100/ 4

.' 1004im
5. 000585 Ml High-vac.  SED PC.std. 10kV %270 12117/2025 2000586

Bl= - ~nZVI §930 SR PES R e/ 2 P ROk aksk (CS/ALG/BC) 2 7%+
B pcst (SEM) B2

AR A M R KRB S EE R M s 2 b eh S g 0 12 nZVI
it B R R  REAGRBEBRET P AR 50 ARfa LicRl = - -
SRR 0 T RN I8 nZVI g1 eb R F bR A o

nZVI

Chitosan
Alginate

Biochar

TR KR AEREU -

BI= L - - 250k BARARRPE S s/ £ RS (4
nZVI/CS/ALG/BC) ;H#v’r i
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I~ BEREG
5.2 Fi kR RS HE & RS 2 B

521 =2 RApP ZHEE Y A

A3 F ¥ nZVI/CS/ALG/BC 4f & M8 17 £ & Jhip iR 'idsk » TR
H¥ Cu* ~Pb¥2 Cr* % & B3TF chsgilt o s gz EERFR 8
HACRIZ - = v 0 TR BRI GEARL 2 B BIFER o 60 A48 Hs
}\”fwﬁ? » A G M A B TR FI SR E R RER P o g

60 2483 2 APRF R I o Ba e s BRI B Rt 8
BKE R S IR o ) 2~4 X (S R F ERBAEE T Aok = Ty 0 &
TR & G R BE S ERiTAE e o

Jrh s R LR 0 E & A 4eik B 4%F > nZVICS/ALG/BC HifL 4k 5
B ABIHEE AR FRHEHBER BT £ LE SRS o B
fT o R AR B PR F e T R e R iy S E 4 B
B2 SR AT R EAH BT ELHE AT FERABE T R 2
S kg SEd b £ BB RS i hg ookl o

% = ~ § & nZVI/CS/ALG/BC H v rit s ¥

%P 4 & &

A 45k B (mg/L) 1313 | 2553 | 4989 | 1062 | 217.5| 437.8 64.7 | 127.4 | 260.4

22 Qe(mg/g) 11.12 | 17.99 | 30.66 | 1043 | 20.96 | 41.70 5.54 9.96 | 16.03

2t £ Qe(mmol/g) | 0.176 | 0.283 | 0.483 | 0.050 | 0.101 | 0.201 | 0.107 | 0.192 | 0.308
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1% BRES

522 #F = HlledE £ H2 4 80T

AT B % - ¢ (Pseudo-First-Order ) £ iz = F# ( Pseudo-Second-Order ) #
AERR AP EABEI Y 2 HEHETE L DA R B A
_b%Jgfwu1n@&g)%ﬁwtﬁm,gﬁ%%%@;¢gwm’?W
REAF 2 GHE LR F ¥ K (min!) - &4p4 v #7572 % > nZVI/CS/ALG/BC
WEHRHE &R BHORY A (R?) 43 0.964~0.997 0 B

‘?’Eﬁ?‘—*’\»%& o B Ky EA WA

e Cu:70%x10%~9.4x10*min"
e Pb:94x10%~1.2x1073min!

e Cr:6.1x10*~87x10*min"

)
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UEEE S A
4w ~nZVI/CS/ALG/BC &% & & i ia — Ik d 4+ SRR S %
#* *p/&&
1 £4 ¥ 4
ik % K Conc.1 Conc. 2 Conc. 3
R? 0.9921 0.9971 0.9943
Cu T 3 3 7
ki(min™) 9.4x10 9.3x10 7.0x10
WZVI/ o R? 0.9637 0.9732 0.9699
. 3 4 3
CS/ALG/BC ki(min) 1.17x10 9.4x10 1.06x10
R? 0.9786 0.9889 0.9902
Cr T 3 3 7
ki(min™) 8.7x10 6.4x10 6.1x10

i > nZVI/CS/ALG/BC 4 & H# € £ 4%
R BE N EN T R ST
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e (R 3
WA wiFRtEE B8R e TR O 323
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7 ~nZVI/CS/ALG/BC 't & & % = 1¥

Eied

F B E 5

13 & # 4 &

f % ¥ } Conc.1 Conc. 2 Conc. 3
R2 0.9961 0.9982 0.8596
Cu T 4 4 s

k2 (g mg 'min™) 1.06x10 1.01x10 2.3x10

nZV1/ - R2 0.9973 0.9971 0.9953
CS/ALG/BC k2 (g mg 'min™) 1.81x10" 8. 9x10° 43x10°
R2 0.9924 0.9926 0.9964
Cr T 4 -5 -5

k2 (g mg 'min™) 1.18x10 9.7x10 6.9x10
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AFE 7 - H @ *  Langmuir £ Freundlich % J§ » % #-74] » 3+ &
nZVI/CS/ALG/BC 4 & Hidz s i 4 S Fev g < S % £ o 14 Langmuir #-
A5 0 K Ce/Qe T frk R Ce TRMWEF » Bh4rBl= -7 5 » LI
BAHO A2 0w S 2 AR G % (RY) 4% 0.903~0.993 7% Langmuir

B b g R & R L R

BRSSP R LA RH MR bt R (Que) HELB o 29
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A T = Pan ks 2 A
¥~ 5%8Hw
17 )
y = (10.5667) + (0.751982) * x
] Ce/Qe __ '
16 Pearson s r 0. 97256
Adj. R Squarce 0.89176
Intereept 10. 56672 + 0.94135
Slope 0.75198 L 0. 17987
15+
) i
& "
% 11
[9)
)
134
12 1
| ]
11 T T T T T T T
2 3 4 5 6 7 8
Ce (mmol/l1.)
10. 55 o
y = (10.1238) - (0. 187052) * x
_ Ce/Qe g s
10. 50 o [Pearson’ s r 0. 95048 u
Adj. R Squarc 0. 80684 o
e | [Tntercept 10. 12379 = 0.08534 §
10.45 Slope 0. 18705 L 0.06116
:__\] 10. 40 A
55 |
w2
& 10. 35
<
<
< 10,30
10. 25
10. 20 A
|
10. 15 T T T T T T T T T T
0.4 06 08 LO L2 L4 L6 L8 20 22
Ce (mmol/1.)
17 (c)
y = (9.9901) © (1.23458) * x 2
[ Ce/Qe
Pearson’ s 1 0. 99653 ',,'.
16 9 Adj. R-Square 0.98616 P
| Intercept 9.9901 £ 0.33991
Slope 1.23458 + 0. 10307
157
—
=
e
=
% 14
d
@
o
13 4
12 b
s
11 T T T T T T T T T
L LB 20 28 3.0 3.5 40 45 5BD 5hb

Ce (mmol/1)

L7 ~ g * Langmuir &8 2 '3 g% % 1 (@)Cu ;s (b)Pb s (¢) Cr
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# > ~ Langmuir % /§ = "f -3 #8% 5-#c

AL t45 R? Ki Qmax (mmol/g)
Cu 0.9459 0.0712 1.33
nZVI/CS/ALG/BC Pb 0.9034 0.0185 5.35
Cr 0.9931 0.1236 0.81

B&* Freundlich % 8 =il #4782 % 1 InQe(B T & ) ¥ InCe (T
kR ) TRMEw RT? » BT E r’;ﬁ:ﬁ' MACE = L 2 T 0 A TR R S HGEET Y A - o
d w &ﬁ%% ¥ aoo Bl B (R2) 43 0.994~0.999 2 ¥ > &5+ Freundlich #i&
i % Bt it nZVI/CS/ALG/BC 4f & Hlz s st (7 5 0 M s il A > 2h 3L

5 ARG > 2 A G RN B F A 30 o SRR PT M A G R b
PR A (i R KB AR ARSI LI E N E R

pe e

Freundlich #-4]® en¥ #ic n ¥ % 1 % o1 5 Vo8 R 22 S M3 8 e v e B 2. 4R
SAER o— Az o on BA I~10 2B L7 5 fIcqiEE 2 o0 &
AX Lk %\»vmfﬁ?lﬁvwiﬁ% Breaniidfed AR5 ~ F BARER T F n B2 1 R
BT Er RS BV v c R AT RSS2 A2 2 K7 Cu 2
Cr ehn @353 Pl H afidm v,EL B TR i ALk Bl g e IR
T %%ﬁ-""‘/fa_ TR ,_‘é_;/\,,zt‘77]\4‘ijl_ Mo Cur &

Cr" {728 HPLa T A Fe it B4 da ‘J’ﬁf_
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22025127 18p T 4
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In(Qe)

I

0.6 o
y - (=2.29246) + (0.754438) * x
In(Qe)
Pearson’ s 1 0. 99919
0.8 Adi. R-Square 0. 99798
4 [Tnlercept 2.29246 = 0.03588
Slope 0.75444 L 0.02399 //"
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=170
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=187 i
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| |
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CEE I

» & * Freundlich % J§ = "/ o] it S8k

i &5 R? Kr (mmol g™) 1/n
Cu 0.9990 0.1010 1.33
nZVI/CS/ALG/BC | Pb 0.9999 0.0967 1.02
Cr 0.9943 0.0924 1.31
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Lok

R RepLA R F R
HIRE L Hys 58
F BT R F T 2

FESF G R BRI R FRR T it B eidg
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BEET o TRy FdE L AF S AT B

FRAS 44

2z
S

ERA 2 84 TR S

ERGR RS £4% pH ek R B ABRHE E 4 FR z/f*\%‘,’éjl?e
(mg/L) £ (mg/g)
A4 -gamE s PbAD 6 50 389.78 Langmuir  [13]
A E R Cd(1I) 50 115.96 Langmuir
BRpE/SEE S Co(ll) 6 20 23.6 Langmuir [14]
8
sad /RS Cu) S 700 75.8 ; [15]
Itz
A EpLB/ 5w Pb(ID) 6 100 244.6 Langmuir & [16]
Freundlich

4 b R4 ERE Zn(ID) - 100 120 Langmuir [17]
BOERAVEF M Cr(VI) 3 100 78.63 Freundlich  [18]
R

BARPEE K Pb - 200 113.38 Langmuir [7]
F Cu 92.37
#9 RBREPE// CdID) 5 200 155.10 Langmuir [6]
Cd
FIVERPERE Cu(II) - 20 43.94 Langmuir [19]
# MnFe204 % Cd(Il) 5 9.73
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NGRS t4&% pH AinE R B ABWE O B4 BEHT 432 i
(mg/L) £ (mg/g)

A Pb(II) 20 11.98

B EEGEA F Pb(I) 6 180 245.28 Langmuir [8]

fié # /Fe;04@SiOz

KR

nZVI/# EpE/% %  Cu(ll) 6 100~400  11.12~30.66  Freundlich AT

pad/4 4 -k Pb(I) 100~400  10.43~41.70

U Cr(I1I) 60~250 5.54~16.03
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524 25 %3 ESHER

AFTT A% nZVI/CS/ALG/BC 4 & S5 4 3 7 & & fene w2
3 i o #erig (Cr)~ 4 (Pb) 2 4 (Cu) 5 2 &5 Fifchd 3 3 5 100 5
AEERT R EY O E BRI 000510015 & 20 24 EHE e S
BpARBEERZ > & e S04~ 100mL 2 33 KT L4405 kE 2185 7
PRAE 100mL 2 383K PR — Stk FXFHIPULT 2T 74
MR ERPE R AN BT EE R SR 4 AT o

\rn

gt fx»

)3 %EET L (Fl= >~ ) nZVUCS/ALG/BC #f & HEL ¥ = B ¢ & 15
BN s g Aok o DREF R R AR RIS
iEE A (7 X ) iR o ’*ﬁ‘rﬁf'% mEF RV R BFEEEE

14~21 % {5 > M FERBIE M > A& RFV i 2 ML A o F i AR £

ARG Z 0ot 21 2880 Cu nd 2 F 5 5.84~24.56% ~ Pb 5 8.05~
26.50% ~ Cr ¥ 5 5.78~2138% £ ¢ Pb cd 25k F - Mm H & Hi? 7 i
A (e A2 B A) B RFAFERY 1A Cr & Cu 23R
Mo FE R btiﬁ%g_d-fl ’*Wf%&ﬂié? .L&}g,ﬂd,ew}; BE o gL ob al}LT_MJ,%’H- 7_ 3 M4

B HELEDI0 B A (A4 E036 B0 FIt A AKPRE Y Sy
m@iﬁ» Cu>Cr>Pb e ENIEELBEH 2L SEMIc4 F R UE P EH|2
L2 BB 0 FIMS R ARRS A RGEET IR &SRR R e

128 '#L"?‘/"ﬁ o

%% 87 nZVI/CS/ALG/BC 4f & i 5 »a" M2 54 2 7 £ 2
—??#&B’MH’ PHR TR RO A B o 4 B L
YRE TR o B RREFEWEELE VL RS B ES
R EZ AN EERBR
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4 2 REEHEARTER

2

N - % kg 2] 2
COEEE N N 8 Y

ﬁ,ﬁﬁ#ﬁﬂu/lﬂﬂg L %% mwFi
B 0= 7 % 14 % 21 =% 28 = (%) (mg/g)
0.0 183.2 182.7 181.5 180.8 180.1 1.69 -
0.5 183.2 179.3 176.2 174.6 172.5 5.84 1.52
Cu 1.0 183.2 173.4 168.3 164.7 164.1 10.43 1.60
(mg/kg)
1.5 183.2 168.4 162.1 157.3 156.9 14.36 1.55
2.0 183.2 1443 140.5 139.1 138.2 24.56 2.10
0.0 6648.6 6589.2| 6512.8| 6461.1] 64093 3.60 -
0.5 6648.6 6425.7 62443 6182.8] 61133 8.05 59.20)
Pb 1.0 6648.6 6211.8) 59712 56445 55935 15.87 81.58
(mg/kg)
1.5 6648.6 5888.3| 54392 5198.0] 51334 22.79 85.06
2.0 6648.6 5334.4]  5002.0| 4902.4] 4886.9 26.50 76.12
0.0 659.4 648.9 633.7 629.6 621.3 5.78 -
0.5 659.4 633.8 629.0 619.4 611.3 7.29 2.00
Cr 1.0 659.4 628.4 602.5 587.8 567.7 13.91 5.36
(mg/kg)
1.5 659.4 611.8 592.4 551.4 538.0 18.41 5.55
2.0 659.4 607.0 576.6 525.6 518.4 21.38 5.15
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5500 05
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0 7 14 21 28
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Cr
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—8—15
540
520 ——2
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0 / 14 21 28
Day
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N = P2 | EY

AN T AT Y

e kA =
5 % ik B K IR IR B TR
B EREE: LIS 9 4 LY

K Img/LCr" %% | 1mg/LCrrhiziz | 1 mg/LCr™ i 1 mg/L Cr*3 %

Ry ;}J_

& &) 0.05 g-N 0.05 g-N 0.015 g-N 0.015 g-N
v 3 3t 1 1 #
25 - lg/ 100g 4 - 1g/100g 2
i 10 10 5 5
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KB A
2mgCr

TR |
0.07mg Cr

BKE
1.78 mg Cr

e +- ~F

1 mgCr

R KA

TiERE |
0.03mgCr |

BmKE
0.83 mgCr

e (it dtat) Croine

PEMTRIE
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g

HEE

R

. BiX -k M, (mg) 2 2 1 1
e 0.09:£0.02 0.070.01 0.04£0.01 0.030.01
— j% Al M m
i Msmg) | o (3.5%) (4.0%) (3.0%)
) 1.89+0.11 1.78+0.05 0.93£0.09 0.83+0.10
| omik M (mg)
B (94.5%) (89%) (93%) (83%)
4 0.02£0.03 0.0120.01 0.03+0.03 0.02:£0.01
T4 =t M, (mg)
(1.0%) (0.5%) (3.0%) (2.0%)
. 0.140.03 0.12£0.05
- eR B m - -
it My (mg (7.0%) (12%)
B R b = (R e E)/F &R
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PR SR
BAVER R R B A 0 G

FERE

booke 2RBEHKRETELY 50% & v 240
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