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PREPARATION OF SODIUM ALGINATE-BASED COMPOSITE GELS
AND THEIR PERFORMANCE AND MECHANISM OF POLLUTANT
REMOVAL

ABSTRACT

The compound pollution of pollutants such as heavy metal ions and
organic dyes poses a great challenge to the field of wastewater treatment.
Currently, common adsorbent materials are not yet effective for the
simultaneous removal of heavy metal ions and organic dyes. In this work,
novel composite gels diatomite/chitosan-polyethyleneimine@sodium
alginate (DE/CS-PEI@SA) and bumpy clay/carboxylated chitosan/sodium
alginate-polyethyleneimine (ATP/CCS/SA-PEI) were prepared by using a
biomass material, sodium alginate (SA), as a matrix, to which clay materials
and biomass polysaccharide materials, as well as modification cross-linking
materials were added, to The preparation of highly efficient adsorbent
materials provides a new and simple method with excellent application
prospects in the removal of heavy metal ions and dye pollutants from
wastewater, the above two gel materials were investigated and the results are

as follows:

(1) In this study, a novel composite gel (DE/CS-PEI@SA) consisting
of chitosan-modified diatomaceous earth (DE/CS), sodium alginate (SA),
and polyethyleneimine (PEI) was synthesized by ionic cross-linking method.
The surface of the DE/CS-PEI@SA composite gel showed many uniform
folds, with a specific surface area of 18.96 m?/g, and a pore size range of 1.5
to 80.0 nm, and showed good thermal stability both before and after
adsorption. Under the optimum conditions, the adsorbents adsorbed the
highest amount of Cu(ll) and Pb(ll) at 174.39 and 295.04 mg/g. The retention
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of secondary adsorption was 77.49% for Cu(ll) and 82.5% for Pb(Il);
Compared with the case without the influence of other ions, the adsorption
retention of Cu(ll) by the gel was 95.01%, 94.52% and 88.3%, and the
adsorption retention of Pb(I1) was 95.29%, 92.3% and 68.39%, respectively,
in the environment of interfering ions with 0.01 M Na*, K*and Ca?*, and the
presence of interfering ions had a detrimental effect on the removal of
adsorption, but the effect was small, indicating that the composite gel
DE/CS-PEI@SA has good stability and reusability. The presence of
interfering ions had an unfavorable effect on the adsorption and removal of
Pb(I1), but the effect was relatively small, indicating that the composite gel
DE/CS-PEI@SA has good stability and reusability. The quasi second-order
Kinetic model and Langmuir isotherm model effectively described the
adsorption behaviors of Cu(ll) and Pb(ll) on the composite gel. Their
adsorption properties and mechanisms for Cu(ll) and Pb(Il) ions were
investigated using infrared spectroscopy (FT-IR), X-ray photoelectron
spectroscopy (XPS), energy dispersive X-ray spectrometer (EDS) and zeta
potential analysis. It can be found that the adsorption mechanisms are mainly

ion exchange, ligand complexation and electrostatic interactions.

(2) In this study, a novel composite gel (ATP/CCS/SA-PEI) consisting
of attapulgite (ATP), carboxylated chitosan (CCS), sodium alginate (SA) and
polyethyleneimine (PEI) was synthesized by ionic cross-linking method. The
surface of the ATP/CCS/SA-PEI composite gel showed a porous structure,
and at the same time, the surface of the material was rougher with many tiny
particles, with a specific surface area of 9.85 m?/g, and a pore size ranging
from 5 to 30.0 nm, which showed a good thermal stability before and after
adsorption. The compressive strength of the gel material at 5% ATP content
was the highest at 4.32 MPa, demonstrating its excellent mechanical
properties. The maximum adsorption of Cu(ll), methylene blue (MB) and
congo red (CR) was 228.24 mg/g, 206 mg/g and 290.13 mg/g under the

\Y
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optimum conditions. In addition, the composite gel still exhibited good MB
and Cu(ll) adsorption performance after four adsorption-desorption cycles,
with MB and Cu(ll) removal of 53% and 48%, Compared to the case without
the influence of other ions, the adsorption retention of Cu(ll) by the gel in
the interfering ion environments of 0.01 M Na*, K* and Ca?* was 91.71%,
88.2%, and 83.32%, and the adsorption retention of MB was 95.22%, 93.3%,
and 85.71%, and the adsorption retention of CR by the gel in the interfering
ion environments of 0.01 M CI-, HCOg, and COs?%, the adsorption retention
of CR by the gel was 92.07%, 95.09% and 89.12%. The presence of
interfering ions had an unfavorable effect on the adsorption removal, but the
effect was small, indicating that the composite gel ATP/CCS/SA-PEI has
good stability and reusability, which is suitable for the practical application
in complex wastewater. The quasi second-order kinetic model and Langmuir
isotherm model effectively described the adsorption behavior of the
composite gel on Cu(ll) and CR; the quasi first-order kinetic model and
Langmuir isotherm model effectively described the adsorption behavior of
the composite gel on MB. Their adsorption properties and mechanisms for
Cu(ll), MB and CR were investigated using FT-IR, XPS, EDS and zeta
potential analysis. It can be found that the adsorption mechanisms of
ATP/CCS/SA-PEI gels for Cu(ll) are mainly electrostatic attraction,
coordination and cation exchange, for MB, electrostatic attraction, cation
exchange and hydrogen bonding, and for CR, electrostatic attraction and

hydrogen bonding.

In summary, in this paper, based on the natural biomass material SA as
a matrix, by adding other fillers (biomass polysaccharides, clay materials), a
composite gel was prepared using a simple method, which has excellent
application prospects for the removal of heavy metal ions and dye pollutants
from wastewater.

Jianjun Sun (Chemistry)
Vi
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Supervised by Yixin Xiang and Zongrui Zhang
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Bl A O R AT, DR MY AR B T VR ML 03 5 o W 00



TR R AR 2485
)R B T IR B R S < B T S A AR IR R A AR T R RE S TR A A
AP SEELOA ST % PR R AU, 2 Tl B0 o IR AR e SO A
FRIFLBRZE 4 55 mT R 1 R T AL 2 AR 4G A A S8 630 o AL AE P B SR Rk A W Ffy B
BB T GRS R AR A ORI T
Morphologically controlled POPs

Gas Capture

and Conversion e *
. . & 0.
P Biomedical Engineering

P 1-4 ALY TTE S R AR ] B ] 1
Figure 1-4 A simple schematic diagram of the chemical precipitation process®!
Hua %5 A\ BV i J5A7 & sl 4 7 — RS A Ur B B 77 (MHNPs) , 4R )5
SA QLT — A KB ER (MHSB) , X} MG il Pb [N B 25 5 43 N
208.06 mg/g F11 475.50 mg/g.
Zhao 25 NEWE H T — Pt =4k ANF/ZIF-67 2 &/ SER I T )ik, BIfE=
Y ANF SR S 2R T SR A 41235 ZIF-67, 7a/r RIFIZE AP ERBMR MRS E . Kt
RIS LR RIS, R EE ZIF-67 Z AL T 2 v RN 2, M
TR E R K s G it o IEn U IRRE, =4k ANFIZIF-67 525 S BEEoT Cu?*
(250.95 mg/g) F1 Cr°* (183.29 mg/g) EAFAHKIMM A&, X4ME (CV,
199.36 mglg) AIHIFERE (MO, 65.98mglg) WA E KW AE.
Meetam %5 NCILLS HEREE (KPS) 5l 7, NN-JEH X IR IE )
(MBA) JZZBH, W | R (3 BEE T =MA R BE/R K CS-g-
PAA A1 CS-g-P (AA-CO-AMPS) 7K, CS-g-PAA JKEEIEXT Cu?t [ P 28 s e K
N 225 mglg, BEAh, CS-g-PAA JKEERG HARE B & (40 Cr¥*. Co**. Ni**. Pb*
I Zn>) VR B2 B2 8 52 mglg. 196 mg/g. 200 mg/g. 240 mg/g Al 262 mg/g.
Li 25 NP7 5 Sd i 14 S K5 BT V14 T BCICH AR, JFTEILIERAL 1



% RPN SRR AT
¥ ZIF-67 (—F MOF #ED @A AE KT BC/ICH &S8R+, 38T ZIF-
67/BCICH E&A5HK; 128 4B Cu? A1 Cré* Bt &4 7311k £ 1 200.6 mg/g A1
152.1 mg/g.

1.4 E &R

1.4.1 &SRB R

HESIREN (SA) 2 MR TR HERIEMIN RN 20, P M E3ESE . &
re MR TGS Y. o T IR RO B -D-H B RER (M 0D M-
PEREIR (G Hioo) Md-1A4-WHHHERA RIERA. BRI EA LU RE: K
VETEL pH BURYE. BERIE R B AR AR IR DR ORI BRI 2, AR
Bdh Dk BR2GI BNk, At dh 5 A NS BRI K AR B 4% 2 AU AS 21 1)
ZHIN o HEERIRPAEAT R B S A SR AN R S e R

W E IR EhHE 5T B RN SR — P BRI I A R R], T 2 T 2Bk
KPR ESE. TRl K25, HUERMILAIE RO, EYm M. SRk
AIZE BT A 2 Ry AR A R i R A R . e AN, BT R R A

(COOH) , SA BB S5 ZME T HME&YINEE ], Zhang 2 AN % T —Ff
CSIOSA/Ca* EEfZ, I MB [ AT LAIAH 20.68 mglg. AT #&im SA FIATUARGE & A1
WHERE ST, XY TV 2, Liu S V@ 5 NEE MR A BT — PRI
R P IL YR /A (SC-MH) B, FHoxf Cu(ll) ByH KWK &y 215.68

mg/g.

1.4.2 whEAR

Mt S5 HREWI S GO RIT R AN-THAR BB — R IR 5] 77
5 BRSO BN R S R, InmR AR RS R ThREAT N,
NI AT AT R Bl R FH 2,

Horp, MBI RS+ (DE) MR RIRTNIAG L, HAT RS 2 FL4,
9, PRIHTERE AR mA AR VM2 — R B & A Rl SRR
DE 3% Ifil e Joe i Jk [ R S50 8 25 =1 o A0 PR AL R TR 25 B i e W O B2 5. H
AT, KRZHEWFARNAE) TR DE (1310 AR HE m H R S A R B 8

8



ZRUTRE KSR A0 18 3
ST, SR, DE JEORMRIZDRE A S VR R RO IR B 77, 2 B2k f 5 K3
By BNAE, RS IG5 % H BTHIE T ke AL RN ] 78 1 8 o o 7= AR
—LEpE kT, WP RE S T PRI AT [ . Tong 25 APURI T RH &5 R - FiBA
BT IR AN A ) — FhoKBER R, AR 45 °C IS5 4 B8 - R W B 28 SR AT LAk 5]
160.28 mg/g.

UeAh, MNEEA (ATP) & i AR RERR B4,  Fh /N AH O 1) DY T 4 2
F—NAAER\ TR Z M, 5 2:0 A0REE U, Wang 558 AUER A VR T80 7
A& T —ARRER LA M T AR, HX Cu) A1 Cd(n) MR B 4N 119.0
mg/g 1 160.0 mg/g.

143 BZIGIEEMR

ROImEW (PED e —MB AR KisE 2 e, Hor 78k B S KE R A
(AR, PPiFSUE) R4 mWRE A 2R e B8, 3k oyl 14 ik A AT DA
I R A S R A A R i) & KA . AR 4, T TURBH . BERfL e, 21
WHFCIESE PEI JEM B /K B R G0A 520, Chen 48 NBNEIT Ak 3L ile il & T
ROMNE (PED SUt: 7 SEBERATE KBRS, % P 1 Cu?* (¥ Y AR B &8 43 il s
#1] 100.32 mg/g #11128.96 mg/g.

144 ZREREMR

FIEME (CS) AF N AR RIR 20, L8k ERREME 71 -NH f1 -
CH.OH/-OH e[, o LB A 2B A N 5| B 1 A e s S A R BRIROK
Hh 4 BH B 7B

BAGERMR SERBE AT, ek — MR BAR (-NHs', -COO-) , X
BH B8 TR BH B T Y R AR B AR B R, A RAFI A B Re . PUE A
TCERERRERA, e M B AR, nEE AR, (RO, R R
ik At iSRRI KA ST B 8, BRI, R A T TRELE K R )
SRR AS T AR KYS YA ERATUIS R o« Xu %5 B9 4 7 —F CYCSICNC 7k
HERE TR, X Pb(IT) 1 B KR 25 5 334.92 mg/g.
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LRI R A 247 185

151 B

bEE Db At R PuE A fe, PABES er)  H ™ f Horr, JKIS R 5 AR
R R EARRMISZ R 2 R —BORUL, JRAKTEH 255, SfEeRE
T ANGRH A F 5 R, GEaEsk, AHRR 7 Z2FUKG YA sTnE, It
HR B R AR A . bR SpRAE B /b kIS eSS AT 4 2 R i
ARk, TA ZPR N T KA BRI, A FEGUORERAA R, A, Rt
PO B AImPISE . IR, TR e MR E R AR, AR B 5. AT A
B ANRTEAESEGRIE, TSGR 2N . BURARIR s R b A & it
RIARALLE RN G TR AR e 2 o i R oy —Fh 2B
ZHEMEL B AV EVERAORTE . U AR . BRI AT v M PR SR AT S A
sy (B NAERUR. PUIE R A A @ A R SR, Rt — D eg,
DR AHb 75 AT 307 20 10 9 R A ik B 5 U P AR R 7 e B — g 5 R A ok e A e ) A
A2y BRI PR

152 IRANE

AHIE T LU EERR A JERE, B LRI HAL A M, 2 oudhil, SR R
PERERIH U BE -

(1 PUREERRIN (SA) MR, 85I AR+ (DE/CS) it
TR, BHROIEIRE (PED X HALZA N, B E A bkl & o 2 &
AT B (DE/CS-PEIQSA) o BIFFT 1 ANFIEUREH S0 H R B PERE A2, LA
[FIRTAG IR . ANFERPHFITTE . ASF] pH ASFREREE S W5 BRI T) A E A 8 o
Cu(I) A1 Ph(IL) IV R BRI, [N ER T 1 FLR R A5 IR A A AR B 3 2 i, 2
LN =R O O T S A B 3 I S e S
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DE 8 \ )
[ o] ol , o, m" { — I
i n R | iy A
PEI oo, WNMXNN + ~'H~Vl- / i :‘ / hydrogen bond

i~ " OHm | | | [l
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N ., || / } electrostatic attraction
— - / \ CHUOIi f 0H
' 0 . Prepal«-ation ' | _OH‘””IH Hunb0—f 00 ' J
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/ Ca* bridge
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. | o
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[£]1-5 DE/CS-PEI@SA S &t 1l s~ =
Figure 1-5 Schematic diagram of the preparation of DE/CS-PEI@SA composite gel

(2) LABERREY (SAD yE e, i imhnRIe R e (CCS) LLR M+
(ATP) AT IR AT 20 M ™ A R Ak 2 S BB B RSN (ATP/CCSISA) , ZJ5
FHHEOIHEWIZ (PED X HALA BTS2 2 56K (ATPICCS/SA-PED . % [
R AR B N B e 1 MR RE I RE I o [T T 7 AN [ SR FH st FLMR B RE 1
SO, CARCANRIRIIAE B IR EE . AR A& AN pHy ASEDRE . IR ]
FHAR S FXF Cudl). WHIEEE (MB) FIRIRL (CR) MWL E IR . [FIR 4R
FE T FO P SR AR BRI B Bl Sy AR, R T AR I TOM TS RIE 2 25 44
G 7 IR PR

Il

f 1 NH, .
= ANH,

EDE YUY S

YI N /1% BN PN NN g, A

2 08 H K : > s 4

= 2 N S

- 2 ,dn s g

5 | !
2 P 3

2 OE

a8 N }
] S 2

NN

+ PEI

lyophilization

[ m e e
. JHo
&
Ca?* bridge X
LT
HOOC—,

[}

]

[}

]

1

[}

I

I Hydrogen bond
[}

[}

}

: Electrostatic attraction
I

_______________________________________

Kl1-6 ATP/CCS/SA-PEI & &t i S n e K

Figure 1-6 Schematic diagram of the preparation of ATP/CCS/SA-PEI composite gel
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LRI R A 247 185

153 ARENXS0IFh=

(D MRV RIONEA, % A ORI, B SIARE AR, $2
e FL R B REAN T S e

(2) WL TN FERPEREA B LG HA = E W E R (-OH, -NH)
V)5, 3 m HL R PRk RE AT ) B A A I
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SRR it 3
25 2 & DE/CS-PEI@SA & & BB 89 5275 4D R B 14 RE A

A

215|585

R LA AEEARZ BE R GY) (. AR, KA. B3
V5 ELAS T A ) B A S Rr i, T ERISEAN N IS (R 4 AL J 1 7 A U %), A 1
WEFUR Y, AR N BRI i HE A 2 S BORIN 2= 4, S EURBIA B M40
kb, BT B R ON AR MR R RE LSS, R, S T AR A SR TR K R
HAVEY I B R SR VFPR BN 2 mg/L A1 0.01 mg/LP>1, H|l, # A ELSEE T
EBRITIE, WAL SEDTIEIRRY . B A kIO SRS, T R L 02
FAE— BB, BT HRABAC. Aekbm . 52— DAL B ARN0-1061 R,
TR 56 S8 S i S B T R PR PR AR B 2, O B HOR L KB IR  H FR 55
SIS Z SRYEIS T2 oK B A K B B A MR T2 TR A koK TS
Je, SAEGURNPIRILB ] CEPER . e 45 7776 20 B i SR ) UK ], /K
BEANE T K 5 T, BRI A FRE i, A A = is gibl, HiEE
ARSI BEAG S BIPE2E . WRKGH B 12 FLVR B BT B e/, TGyt e W P 570 9 436 P
TR,

FESCIERT b, FRATIEB R RS L (DE/CS). R4 W% (PED
SHEEEIRN (SA) 1 & 7RI M & B S & B (DE/CS-PEI@SA) . il
FT-IR. XRD. DSC/TGA. SEM. EDS. XPS. Zeta HiA7F1FL 45 #) 73 #r 45 T Bowt
A EIRIAT RGRAE . @I AR T 2 SRR IR M ERE, BFFC T Hox
AN 4 IR AT O AL, BHE pH ERISEME L IR B R
W PSR 2 TR BB )5 IR RS o AR SRR TR M AU AR, N
R 7K F ] B RNV S 1 2 ok DA BT s il R 2 B R I R S

2.2 SLIGER Sy

2.2.1 SLBEMH SRR

S8 iR ) R EERRL S5 AR LR 2-1 F1 2-2,

13



TRUTAE R 2 A 3

#* 2-1 B ARL

Table 2-1 Main experimental materials

25 i AR alify AFETK
o bE Jiit 2. Bt 90% AR A A R A
fi 8+ AR [ 2 5 F1E 2238570 PR A 7]
R IR M,,~600 E 25 FL 2= AT E R A A
SR AR E 255 F 2= AT E R A A
TR AR [ 24 5 F1E 228570 PR A 7]
Atbas AR [ 25 5 F1E 2238570 PR A 7]
R R AR E 255 FL 2= AT E R A A
T B AR E 255 FL 2= AT E R A A
T /K Bt B AR [ 24 5 F1E 2238570 PR A 7]
LG OB AN, K AR BT T AR A A TR A A
Fr iR AR [ 24 kA A BR A
Atk AR 255 A 2= R PR A A
oK (AEAED AR [ 2 5 B1L 2238570 PR A 7]
Al AR R AR BT T AR AR A R
=k — — 2 AR
—ﬁ%%fi%gﬁﬂg AR FE 245 S A 2 A TR A 7
— F RS AR [ 2 5 BE 2238570 PR A 7]
VANIASE - SlIljicA cP [ 2 5 B1L 2238570 PR A 7]
Ehig AR 255 AL 25 R PR A A
AN IR AR ] 2 4 A 25 R R A A
% 2-2 TELRINE
Table 2-2 Main expermental instruments
X 2% 4 Fx NErzees CEIIE
R P i B X T J e DHG-9036A R 75 SIS R A R A F
S SN Ak e DF-101s T T A A R A A
- RF FA2004B TERMU A A PR A
SIS EAIK R G Smart-Q15 b A RAER A R A A
B P P IE B YM-040S RYNTT 7 B i+ R A A
PURT IR YWLG-10A TR S B 2% PR A ]
P B S-4800 HAH S ]
XGTERATHAY XRD-6100 H A By A ]
X F R Escalab 250X 5% E LB RBHSE A H]
XU e 6 A PANalytical Axios 5 ] ] S 4 A R > ]
TG-DSCHB # A Hr X STA 449 F1 7 ] i St A 8% 1 s A PR )
FL PV IR 41 3 7K A DKZ Fig—ERHE AR A A
18 BLIH-2T A 615X Nicolet iS20 5% E e G RBHE A F
BT~ 3 B AR IR AL Al-7000-SU1 ] %4GOTECHA A
N = AR AN
SOLASID JOT A TU-1950 AT T S AT BT 4 )
Zeta B A7 7y BT AN ZSU3200 LR SCIAANEMN 25 PR A A

2.2.2 DE/CS-PEI@SA £ & B uE&

FREX 5 g DE #12.65 g BRERAATAR T 100 mL 2255k, 25 T A8 A Ah 3 -4 b

14



LR T RE R A 2218 S
30 min, FEWMABEMEEER, HRIUETE. R (CaCOs/DE) Ff
P28 /K We: 3 ¥k, 60 °C #taarh 1% 10 /Nt HY 5 g CaCOs/DE i1 1 g 7% B4
N Tris-HCI Z3Fi (250 mL, 10 mmoL, pH =85) 1, =i Ntk 10 /N, 4%
ks S IR R, R R TOKGRE, ERIVERIERE AL, fE 60 °C H
AR T4 10 /B, 3K43 DE/CS.

TER A RIRMERI &S e, YEEHET T SA I PEI & BT REIR MR E Siks
AERIEEME . A SA R PEI AR AH G HIVE R R i, B R 7 W3 2-3. DE/CS-
PEI@SA Bt i A & 28 1 g WY . 0.59 DE/CS f10.75g PEl, 60°C ¥
1 g WFEERRENIEAAE 100 mL £ B F/KF, RIGEEMA 0.75 g LMW fLA 05 g
DE/CS, /A AbHE 5 min SRIFHI SR EVER, IHOREF 60 °C JML 6 /N SRS RHR G
TN FANES T (3%, wiv) JERE GEER, B 12 /M, ] 0.1 M
ERFRALEE 2 /NI, 1S 0.1 M OSSN 25 BT KBRS, RIS TE -60 °C R
T8 48 /N, 5% DE/CS-PEI@SA E &t . HARKR MRFEWIE 2-1 fios.

)« CaCl,
= /[;o R —,
Stirring ‘ Drying “iE
) .cmmp|
30mi = s o » JACEN
s s CaCO;-embedded ==
S S
> : DE/CS :
Cr Oss.; ! ! Stirring
= A T — ' : : 10h
| 60q T ! 5 =
oS5 C & < _ : PEI :
/A J\ i + ! Drying
I E N -
HCl o, NaOH(aq) o ! iatacs o H
’\\<\/ 2 Washmg\/ (T2 BB e :
\ ?

Freeze-drying

73
Hole-making

72h

12h
DE/CS-

QN PEI@SA

Solidifying

2-1 DE/CS-PEI@SA & & BEIZ I % i e K
Figure 2-1 Preparation flow chart of DE/CS-PEI@SA composite gel
% 2-3 DE/CS-PEI@SAE & IR I 2
Table 2-3 The compositions of DE/CS-PEI@SA composite gel

F i DE/CS Jii &#(g) SA JiE (g) PEI Jii & (g)

1 0.5 0.25 0.5
2 0.5 0.5 0.5
3 0.5 0.75 0.5
4 0.5 1.5 0.5
5 0.5 1 0.25
6 0.5 1 0.5
7 0.5 1 0.75
8 0.5 1 1
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TRUTAE R 2 A 3

2.2.3 RS MRERIE

2.2.3.1 HmAYFRIE
(1) AR (FT-IR) FI X HIZAT45T (XRD) il

il P EL 2 A R (& E2EER K /K NicoletiS20) 7E 650 — 4000 cm [ 4
10 B P A IR IR AR 2 o A ST EAT T SR AE, R IR AR AT RE il o % R
Fe AEFHSRE B A B XRD-6100 AX#F#EAT XRD 7041, iZAXAFHCE 1 Ko H&
U (L =1.5406 A FERIESEFr, FHEESE )y 5 Tmin, FREEREIRE N 20=10-50%

(2) ZRFMEMY (DSC) FIME M (TG) M

A FH 5k (45 5] ) NETZSCH STA 449 F1 {% #8317 TG-DSC 43#1. DSC MltrE
-40 °C 3] 180 °C B EVERE WEET, MIAEZEA 10 °C/min, 1 TGA MIAEEIE R
800 °C, NFGHEZ K 20 °C/min, IEBE M P47

(3) i T EME: (SEM) FIREEAE X B (EDS) ik

REGRIRAGRTI S, BT SR, FEmEERE, RAFREE/EDS 7>
i (HAL S-4800) AM — 7 HUNHTES, EIERE RGN 17255
T AR A ST T 1 Hoe s A R

(4) X B H-FRERE (XPS) F1 Zetasizer Advance 271 (Zeta) HLAZMR

KGR SR zeta B3 HTAX (ZSU3200) ef W B i AR B s o Al A%
AT T LCER BT, FE SIS ok RIE Tk, 2 5 10 min, 7N & = KEX
A . PR B SEE ) Escalab 250X {X &%, R XPS AR EMEIEAS 7 Cu(ll) 1
Pb(IT) W B R JE TG R 45 &g, I Cls 284.8 eV #EAT HIfFFHE, i/ Avantage #ff
HEAT TCFAT Ao I A 2

(5) HNREMILEE T (BET) ik

FIH B 3h R AR FLE T4 (ASPS-2460) it 52 A Bk idEAT LU 3R T AR R L
BR&ff i, (£ 100 °C MR 15 h iR )G, G AR R IR, AR RSN
SRR R SRR A LR IAR . LI AR, SRR AR LR FRAT T2 fLAe 3
I AR B PR A S TR 2
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TRUTAE R 2 A 3

2.2.3.2 IR M4 RE

(L FrE gz

SrIFREL 1.255 g TE/KBRERH AN 0.7793 g MHERENAME T 25 /KA, Bk
1000 mg/L f#) Cu(Il) A1 Pb(Il) FRfER 2, EHL 5 mL 8 51 A4 & FAnE &
T 100 mL SR E 2, Bl 50 mo/L R & RS B FARMETR . T 7
% 50 mL FEMF B0 0.00. 1.00. 2.00. 3.00. 4.00. 5.00. 6.00 mL Cu(ll)
FRUEVETR (50 mg/L) , KK 5 mL EDTA-FFERREZVATR, 5 mL - fbiis?
FVEL 1 mL JERER 5 mL SR, R B TKER, 12450 nm KR
BIWOEEE, JERYELSHH] Cudl) FIbsERIZE (B 2-2) ; [FIFETF 7 32 50 mL 4%
B2 MmN 0.00. 1.00. 2.00. 3.00. 4.00. 5.00. 6.00 mL Pb(Il) VAR
(50mg/L) , MKUAIA 1 mL — HI BRI A 4 mL N2 R DU v, 3T
IKEZS, 1£580 nm HIBA FMIEROGE, FHRYESS Raxh| Po(Il) stz (&

2-2b) o
(2)12 (b)
Cu(II)
1.0 4 0.34 Pb(II)
2 0.8 - gé
_‘é 0.6+ S 0.2
z Bt
Z E
i 0.4 -é
=0. +0.
0.2 y=0.1792x-0.007 0.1 y z :)_43:;:;92 0399
R?=0.9998
0.0
T T T T T T T 0.0 r r i . . . .

Concentration (mg/L) Concentration (mg/L)

K 2-2 E4JEE T (Cu(l). Pb(I1) HIkniErh 2k
Figure 2-2 Heavy metal ion (Cu(ll). Pb(ll)) standard curve

(2) W PAES:

FREL— € Bl 2 S EURFE N, TEAEAFE pH 1E . ASFENRE FOR 75 949
W, BEATER SR, BERE— B A R, SN0 WL 6 R TN e e e
KOG, HEWMHARFEEE M. 4 H 0.1 mol/L ) HCI #1 NaOH i
AR pH 18

TESNSW, EERIR 28 H AT HEE W B S206, W BR A L.

52 BRI G W B RO WT £ B % Removal AT & g (mg g™ 3£
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TRUTAE R 2 A 3

s RN 2-10 2-2 Rt

Removal= %’ x100% 2-1
0
_(Co-CoxV 2.2
e m

A Co, Ce —T5 RN LA HIINRE, mg L
q, — FHEIRI R, mg gt
m— IR PRI BT, g
V — IS RIERI AR, mLs
(3) A AR

¥ 50 mg B AR A F] 50 mL Cu(Il) (300mg/L, pH=6) A1 Pb(Il) (300 mg/L,
pH = 4) % 60 h, ZREGEIMESMERE. BEfE, FRHH Cud) 1 Pb(ll)
F1 0.1 mol/L HCHATRIR B 4 h BEATAEW . BE)S, B EEEIRHZ B F/RERBIRER
P, SRIGERT T — R P -

(4) W PRA5TRAB AR AR B 51 ) 22 A5 Y

W 1 45 R A T84 IV RE B 20 g 2 A8 TR 2 4 i WO sk R e e A 70 AR PR oo 2 (1) L AR
HBAEHMEETFB. & I EESEA A Langmuir B8 Freundlich #3274 Al
Dubinin-Radushkevich 15 &1 . 17 % WL (%) W Bt 2l /) 5 455 B A #E — B 8 ) 22 A 2

(Pseudo-first-order model) F1#E —Fr3h 757455 (Pseudo-second-order model) -
Langmuir 77 F£ 0 R sl
qezKLqmce/(Hcie) 2.3
Freundlich 77 #2401 F i
q,=KrC."(-n) 2-4
Dubinin-Radushkevich J7 F£ 40K A/l
Ing, = Inq,, — & 2-5

e =RTIn(1+-) 2-6
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TRUTAE R 2 A 3

e Ce— MRB-FHTI A, mg L™

— PR E, mg g
— R EE, mggl;
B — Dubinin-Radushkevich™ ff} & %%, mol? kJ2;
& — W55
— WEHAAEFE L Jmolt K
T—iRE, K;
KL — Langmuir W b 45
Ke, n— Freundlich W Bt %k
HE—B sl 715 R A B Rt
q,=q,(1-¢"(-K, 1)) 2-7
AE W s 1 T R A P
q,=(q,* Ko t)/(1+q_K,t) 2-8

A Ko MK, — PR T E 2, min.

2.2.3.3 AR IR

F4 0.05 g EERERIETE 100 mL [{X B F/KPEE 24 h, 25U AR
o AT BT A R R R el,

S(t) = Wt WirlWd o 1009% 2-9
K Wo, We— EEBIRIIVIE R EFEIKERRE, 9
2.2.3.4 Zit ot

HUEEAE LA R 2 AR SR LU - AR e 2R OR . 7E SPSS SRR A
MR ETr 20 OiZntr) T8 7tr.
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TRUTAE R 2 A 3

2.3 ER51L

2.3.1 DE/CS-PEI@SA E & B4 gE o4

SRR A ER FT-IR Y61, CS 7F 3464-3402 cmt Ab i) 5 1656t 9 F- O-H A1 N-
H SRR idRasl, 76 1646 cm™ &by E AR T N-H 115 fhiksh, 78
1554 cm™ Kb (UM U ER T -NH IR Bl . %158 20 0 g I % K i, 3542 emr
L1 1681 omt Ak (i g iee 43 556 BT N-H AT C-N MRSl . 7515 3 ik Pl o
3307 cm™ Ab U IR T -OH FIRLHFRS), 1612 cm™ Al 1417 cm™ AP ANIE S8 T
-COO- MR FRFIA K FRALM RSN X T H A AORIR UL,  FAH LW A8 R A T 4
/NEJAZAL, 7 3100-3560 cm™ Ji [ A BRI, X AT REAR H TR EE(O-H) Y
ZEIREN, N-H 4IRS, 78 2921 cm™® BT A 55M s A 2869 cm ™ w] LA
J&T -CH B4R, RUERMECEMINB A . F 1589 cm™ &b 1R 3h 14T
J&T N-H ARSI F7 R 4R, 3P T 3R OB WL -NHAEHE
R BB R h M2, 7F 1683 cmt AbFT 1441 cmt &b T AN LI 2 Sl UL TR TR
i3 [ -COO- SRR S B g2,
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Figure 2-3 FT-IR spectra of DE, CS, SA, PEI and the DE/CS-PEI@SA composite gel (a) and
adsorbed pollutants (b)
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2.3.2 DE/CS-PEI@SA & & B IRV EE S FNF I RE ST 4R

5r#t DEICS-PEI@SA E & IR 45 s AFAPERE, WKl 2-4a XRD i B,

FERE M RBHE 20=21.92 31.2°M1 36.0 kb H = AMRHEENZ, i b3 5 1) E] = 47)

EA R L RRENE I HAE 20=29.4°HH B T CaCOs [I4F{iEE, X Ui T CaCOs
Xt DE fRINEMG . [ 3RAT TR IAE E & §tiE DE/CS-PEI@SA ¥ XRD I3t
7 R BRI, R T R ) R AH S5 M (E DE/CS-PEI@SA A4 It
RE, JFHALERTh. B 2-4b Fros Ak kLR DSC Hi4k, DE KB H AR IR
(Tg)ly 154.4 °C, CS {£ 76.2 °C AL IR FAUE, FWIK 4%, PEI BB TR IE
(Tg) Ny 61.7 °C, SA BIALIEIE(Tg) N 118.7 °C, WA =4 DEICS (B IEILIE
(Tg) N 54.4°C, HAH KL DE/CS-PEI@SA 3L TS LR (Tg) N 91.8 °C, M T &
A KL DE AT SA, H B e AR R B IRAG, FIN &S 58Uk E, AR
PRSI AR IR R A TR AR, XTI T LR R TR AR T AR O R

4
E3
4

AY
(a) (bT J|DE/CS-PEI@SA
Endo|
- DE/CS
= o 54.4C
s E
g = 154.4°C
@ cs
g g |
2 ) 76.2°C
E b4 61.7°C
& |PEI
10 20 30 40 50 0 50 100 150
20 (°) Temperature (°C)

2-4 (a) DE. CaCOs/DE. DE/CS Fl DE/CS-PEI@SA & &t 1) XRD Jti%; (b) DE.
PEI. CS. SA. DE/CS Fl DE/CS-PEI@SA & & ¥tk DSC i
Figure 2-4 (a) The XRD spectra of DE. CaCOs/DE. DE/CS and the DE/CS-PEI@SA composite
gel; (b) DSC spectra of DE. PEI. CS. SA. DE/CS and the DE/CS-PEI@SA composite gel
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Figure 2-5 (a) TG and (b) DTG spectra of DE, CS, SA, PEIl and DE/CS-PEI@SA composite gel, (c)

TG and (d) DTG spectra of DE/CS-PEI@SA composite gel before and after adsorption of pollutants
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Figure 2-6 The SEM of (a) DE, (b) DE/CS and (c) DE/CS-PEI@SA
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Figure 2-7 (a): Nitrogen adsorption-desorption isotherms of DE. DE/CS and DE/CS-PEI@SA; (b):
The BJH curve of DE. DE/CS and DE/CS-PEI@SA
# 2-4 DE. DE/CS Al ATP/CCS/SA-PEI Z & #ER I LLRTINA . WAL AR, AhRHETHA . L
AR 2 LA Hi s
Table 2-4 Specific surface area, micropore area, outer surface area, micropore volume and average
pore size data of DE, DE/CS and ATP/CCS/SA-PEI composite gel

R AR TALTHAA AR THITHI A TALAARTR FfLAE
(m?/g) (m?/g) (m?/g) (cm®/g) (nm)

DE 1.5292 0.5426 1.5292 0.000263 3.76/2.99

DE/CS 3.1438 1.7455 3.1438 0.000767 6.78/4.44

DE/CS-PEI@SA 18.9632 18.9601 18.9632 0.00674 11.29/6.15
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Figure 2-8 Swelling degree of the composite gel as a function of varying PEI mass
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Figure 2-9 Adsorption capacity of Cu(Il) and Pb(II) by composite gel with (a) different SA mass
and (b) different PEl mass
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Figure 2-10 (a) The effects of different initial ion concentrations and (b, ¢) pH on the adsorption
capacity of Cu(Il) and Pb(IT)
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Figure 2-11 (a, ¢) The adsorption capacity of Cu(Il) and Pb(IT) by composite gel at temperature; (b,

d) Effect of adsorbent dosage on adsorption of Cu(Il) and Pb(IT) by composite gel
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Figure 2-12 (a) The dynamic and static adsorption performance of DE/CS-PEI@SA on Cu(ll) and
Pb(II); (b) the reusability of DE/CS-PEI@SA composite gel for Cu(Il) and Pb(II)
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Figure 2-13 Effects of background ions on adsorption of (a) Cu(1I') and (b) Pb(II) by DE/CS-
PEI@SA
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Figure 2-14 (a) Adsorption isotherms and (b) adsorption kinetics curves of Cu(Il) ions adsorbed on
DE/CS-PEI@SA composite gel
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Figure 2-15 (a) Adsorption isotherms and (b) adsorption kinetics curves of Pb(II) ions adsorbed on
DE/CS-PEI@SA composite gel
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930.28 eV #l1 949.98 eV 45 & B )& T Cu-O Al Cu-N #. [, Pb 4f ik
11136.98 eV 1 141.78 eV 25 & RER B Po® 5 AM S A E ReAIE & 5
41, Cu 2pu2 Fl Ph 4fs 44U A6 ) BT BE S Cu® Al P (& FELIR BT DG 257 1
JiTi&, DE/CS-PEI@SA X} Cu* Al Pb?* i) bt nl LA#EHE A: (1) DE/CS-PEI@SA W
P 750 28 T g 7 P g o R 5 PR P % Cu?* F PR (2) SA BT -OH Al
-COOH Al -NH, 7£ CS 1 PEI -5 Cu?* fll Pb?* £ 4.

(@ s (b
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4 2-16 DE/CS-PEI@SA W fft Cu(Il) A1 Pb(Il) HIAIK Y& 1) XPS Jti;  (a) =il (b) Cu
2p. S2p (¢c) Cls (d) Nis
Figure 2-16 XPS spectra before and after adsorption of Cu(ll) and Pb(l1) by DE/CS-PEI@SA,; (a)
Full spectrum, (b) Cu 2p, S 2p (c) C1s (d) N1s
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FIFfEIE4 (EDS) MEZLWLFff Cu®* A1 Pb?* J5 DE/CS-PEI@SA FMHL¥IGR
SEMA, K 2-17 fizr N DE/CS-PEI@SA & &t () SEM/EDS [A)25 43t
B M 2-17c Pl LLE Y, EERURIICRA SR 7 C. N. O, Siv CaflCu
MAEE, EEE oL (JRTFAEDH) 75 840.24% (5330%)  4.27%
(4.85%) . 34.40% (34.20%) . 6.79% (3.85%) . 1.46% (0.58%) #112.83%
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(3.21%) , M 2-17d bl LLE i, EEEIRKTTRARSA 7 C. N. O, Siy
Ca A1 Pb HIfFAE, EHEEH L (JRFHED 779 4831.37% (67.32%) . 2.75%
(5.07%) . 12.74% (20.53%) . 0.42% (0.39%) . 0.27% (0.17%) #H152.44%
(6.52%) , EHEEKRSEHEKREZH N O ik, RPEKREKNE SEEMEET
RE TS PEAL A, RS SOR I B 5 A H K B Cu Jo# AT Pb Jo s, REAE BB
IR TS R ST, BEAh, ER 2-5 HRIERAE TR AT S AR o
% Ca TR, vULEH, JUER Ca RN B RS Y G FIL, 5
JilsE Pb(I). FTREMJE R 265> Ca?t FEMR B B iR e, T4 IIE T BH B 15
gy (Cu(ll) A1 Po(11) 5 Cat Z Al &R AE T FHES 25 He.

o

Wt% | At%  Element
40.24 | 53.30

427 | 4858
34.40 | 34.20
6.79 | 3.85
146 | 0.58

12.83 | 3.21

P 2-17 DE/CS-PEI@SA W Fff (a) Cu(Il) A1 (b) PbI) ) SEM; W (¢) Cu(Il) 1 (d)
Pb(II) '] SEM-EDS JT 2 Wi
Figure 2-17 DE/CS-PEI@SA adsorption of (a) Cu(Il) and (b) Pb(IT) by SEM; SEM-EDS element
mapping for adsorption of (c) Cu(II) and (d) Pb(II)
7 2-5 DE/CS-PEI@SA WL [ft Cu(11) A1 Ph(IT) 11 & FIIC R & 20T
Table 2-5 Elemental content analysis of Cu(ll) and Pb(1I) before and after adsorption by
DE/CS-PEI@SA

FE i C(wt%)  N(Wwt%)  O(wt%) Ca(wt%) Cu(wt%) Pb(wt%)
DE/CS-PEI@SA 29.92 3.11 49.86 8.42 / /
Adsorption Cu(II) 40.24 4.27 34.40 1.46 12.83 /

Adsorption Pb(Il) 31.37 2.75 12.74 0.27 / 52.44
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N TRIFTCE A7) DE/CS-PEI@SA Wi I 25 < J 5 1 IO LR, DRI Il
BRI J 52 A IR B R AT Zeta BBAZINAR, PRI 2-18a, FRATTAS UR BB Cu(Il)
A3 Zeta HEAZA -5.768 mV, WL} )5 i Zeta BLA7 N -12.87 mV, FEZE WL Cu(ID) )
SN, I Zeta FALEETE/DN, XA[HHETHAERMERE Cu(ll) KA T HH
WEIEH . 7E2~6 [t pH SR I T DE/CS-PEI@SA Ff i) Zeta HfL, 7EUL
WHEIN, SEdsRFEr. FFRENA pH KF FEH fbfs (B 2-18b. d) .
X G AR E B, RO T B W 51 R 28 A1 F (0 R BREDL AR LR AA R f e, LA
Hafk 547 E i Cu B AR EA/EA . FIFFHIE 2-18¢c, mTLLKRIUHY Ph(IT) Hi
H Zeta 474 -5.768 mV, W5 ¥ Zeta LA -31.87 mV, TEANE pH i 4 1)
Zeta FEAL AR ST, FFA TR A

(2)o (b),
5 | | S0 ’ |
£ I E I ‘ I I
| I I
8 20
g 2
=] o
- =
3 2 I 830 ]
3 s
-16
Cu(ll) -40 Cu(I)
pre-adsorption adsorption 1 2 3 H 4 5 6
(©)o I—I (d)o L
; . I =™ l l
>
-10
& E I
=15 =
20 g-30 I
: : !
= =25 P -404
N0 I N s 1
35 Pb(l) Ph(I)
-60
pre-adsorption adsorption 1 z 3 4

pH
2-18 DE/CS-PEI@SA W[ (a) Cu(l) 1 (c) Pb(Il) | /51 Zeta Hifii; DE/CS-PEI@SA 7E
A pH T (b)Y Cu(l) A1 (d) Pb(Il) ) Zeta HEAL
Figure 2-18 Zeta potential before and after adsorption of (a) Cu(Il) and (c) Pb(Il) by DE/CS-
PEI@SA, zeta potentials of DE/CS-PEI@SA adsorbing (b) Cu(Il) and (d) Pb(II) at different pH

values

R4E FT-IR. XPS. EDS # Zeta FLAZZEMA 53 #r, DE/CS-PEI@SA % Cu(ll)
A Pb(IL) FRIAH QIR LB ] 2-19 firos . B & RERCRIT W 7w ) (-OH, -
COOH) ®LLL Cu(Il) A1 Pb(Il) PHES T35 4ed Ly IE A (Cu®*, Pb?) KA
HUAH EAER . AR LI (Ca?) ] LAFT Cu?t Al P?* JEATBH B 7 ac 4. Akt
& F ) (-NH2, -COOH) i) Ui A4 S5 1 & B A I B, m] AR A BE A7
JEF 54 T AR, TR S
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 Coordination Electrostatic attraction
i —J
° 7 HN COOH_ s

5 ) —J

J+—HO0OC
ez

) Cu(ll)

Cation exchange

) Pb(I)

2-19 DE/CS-PEI@SA X} Cu(Il) Fi1 Pb(IT) FW B HLEE &
Figure 2-19 The adsorption mechanisms for Cu(Il) and Pb(IT) by DE/CS-PEI@SA

2.4 IRE N2

AW 5K B T A Bk ) & T — FhoE B SR B A IR W I 57 DE/CS-
PEI@SA. ZMEEAEZMH -OH. -COOH F1 -NH, £ k[, R EEE
KSR AL, 4 18.96 m?/g.

B BB FIRT Cu(In) A1 Pb(IX) B AL AR BE 7T, 73799 174.39 mg/g 1
295.04 mg/g. Cu(ll) [ = VKWR {551 264 77.49%, Pb(ID) (KL R 28K 82.5%, LW
25 &L DEICS-PEI@SA B RF s Al EA . tbsk, Cu(Il) F1 Pb(II)
P B E i AR v LU Langmuir S50 28 FTiE B 3l 77 22 A BE I ik

XL RS XPS. EDS Al Zeta AL /MM IEE R — 20, RUIE T, Bk
1 SR A B PR B O PR B S R A B AN R BRI AR RO LA . PRIk, B
%t DE/ICS-PEI@SA X H & )& & 1 HAT RAFHINK A B RE Ty, IX Al g2 — PR
A AR TV KA B R G R A o Beah, I8 I B v 2 S M R 751 Fa R B
R MR BT AR AT 3 68 ) S P R 25 Bk < ¥ AT AR — A KRk
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N Y N2 =X VA7
5F 3 E ATP/CCS/SA-PE| & & 5B BOH & K 55 4% Mt 14 &E
=

315|5

TR IR GRAN NS 7K B 5 7 ) 1R A ol ™ EE bl B8 RSO R AR R N SRk
(B PE EA A, H ™ B SR K ) A At 2 B BN S AN R FE A B AU B K
P HARDA2 R b, o0 2 o <G A GBI PR K HBEAT A AAL B, 9/ T B S5 A
AR R SURISE R, 2 2 B PR IR DR A R 2 S i R sk ) 2 A 55 122 1280,

FEEZ)4 280,000 HEZT AU BLRE T K BARREIA S, Horb 60% ) 70%
RERH . LR AT RK 5 S HBCE R 80% LA b, XKk, HIEAAER R
Guit 1 1 G20 pR T KR R R B AN B R ekl ek A A fRE AR
FEAMBURMER, SKEEYEATME, HEXEMRGERE FRW, Hik, W
AT 412 52 B 25 - TR 8 7 b a1 7K A ¥ G — AN B ] J 0128, Hi el A
AR ERIR ) IR 5, DRk FH P 858 I AR R A ) B i 1) B G R A o 2 55 6
FRTTT 4 52 R

AR TTAE UMY e AR A 7 SR B IR (ATP/CCS/ISA) NFEAR
RN (PED DhEEAIES B 1 5 38 Bk % T AR . AT B £ Tha
TS IR M 25 50, FEIERAE X st SV, B AR BLAEFH AR Ca?t MRifE
FI, A mE AR R PRt T AT Bt BhAh, H% R SRR RS H B
BRI B 3L, A S SO B B R S S e G RIS . R FTIR.
SEM. BET % FBoxt 2 &5 A BT T 7 3RAE, JFRFT 7 2 GBI KIE
W Cu(ll). MB 1 CR HUMRBtMERE. FFx A RIE) AT = S AT FPERE . WP S5 iR AR
B MR B ) 2 A A DL R W AL R AT 1 R

(aYay

3.2 SLIGER 4y

3.2.1 SLBMHIS{LEE

S8 iR ) R EERRL S54SR 3-1 A1 3-2,
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#3-1 SR

Table 3-1 Main experimental materials

25\ R ali i CIIE
] e - S00H Lfﬁfj W AT A
AT RNE BR R R T AR A A R A
TR AN AR [ 2548 AL 25X R A A
R OIG R M,~600 R RL T AR A R A
A Ekn AR [ 255 A1k 24X R A 7
TRIRAS AR [ 255 A1k 2R R 2 7
A AR [ 2548 AL 25X R A A
AN AR [ 2548 AL 25X R A A
A AR [ 25 5 A1k 24 PR 2 7
SEMBIR) AR AR T AR B A PR A F
T 7K Bt R AR [ 25 5 A1 25 R A 7]
LRI LR AN, oK AR [ 25 5 A1 25 R A 7
Frig iR i AR [ 255 A1k 255 PR 2 7
Al AR R AR BB T AR A A R A
KA OHEE A . -
R (AT AR ] 255 A1k 2555 PR 2 7
Atk AR [ 255 A1k 255 PR 2 7
FH L AR [ 25 5 A1 253 PR A 7
ghmE AR [l 25 5 A1 253 R A 7
L fask AR [ 255 A1k 255 PR 2 7
BT AR [ 255 A1k 2555 PR 2 7
FRIE£173 AR BB T AR A A R A
NI R 2T AR ] 25 5 A1 253 R A 7]
DGR Y AR ] 25 5 A1k 2555 PR 2 7
K AR ] 25 5 A1k 2555 FR 2 7
R AR ] 25 5 A b 25 R R A 7]
K32 FELIOE
Table 3-2 Main expermental instruments
NEEA S AR CIIE
FE VPRI B X TR DHG-9036A R 2 S8 R A4 PR A ]
SN Ak e DF-101s T T A AR A A
N FA2004B TeEW MR A PR A ]
SpiG =gl K 250 Smart-Q15 bR R AN AR A R A
XS ATHAX XRD-6100 S NIE /NS
X-HHE % T RE T Escalab 250X 2 [E Thermo ScienceA 7]
X-BF & 66X PANalytical Axios 5 [T Sy v A BR )
TG-DSC/3HriX STA 449 F1 7 ] i St A 8 1 s A PR 2 )
FE A R R 2 7K DKZ il EREARAR
1 FRLIH-2T /1A Nicolet iS20 2% E B R R BHE A
HL T T RE PR IE AL Al-7000-SU1 | ZGOTECHA 7]
Zeta B A7 43 BT X ZSU3200 LIRS EHMY A R 7]
P B L YM-040S YN T 7 B+ BR 2 A
PR TIEAL YWLG-10A TR S B2 PR A A
T R S-4800 HAH LA A
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4L5% 3-2
TR e EIE
ﬂﬁ%%ﬁgﬁﬂﬂ%ﬁ TU-1950 b T P A BT A

3.2.2 ATP/CCS/SA-PEI £ & 8BV EI&

H5E, ¥ 20 g CCS ¥ (6 wt%, ¥ T7K) RINE] 20 g SA I (3 wit%)
H, RIZIERE 1 he 25, ¥4 20 g 5 wt% 1) ATP 070 N ik CCS/SA ¥l
i, BEEE 2 h, BENRAYSIISIR ATPICCSISA IREW. B, BAFKE K
PEI (0%, 2.5%. 5%-. 7.5%. 10%. w/w) JIAJEEYH, #EZUHFE 30 min J5,
BINREE A, AT GRE: -60°C, HZ: 2Pa) 24 h. BE—K&ET
B3I S & BERORILTE CaCly (10 wt%) ¥, f# SA 1 CCS & Ca** 74 3Chk,
AR E I 450 . 25, Rl 4 h FRURE GER, HZAMKIRER, %
BB PEI Al Ca**. REREREMESGRRKERET, 193
ATP/CCS/SA-PEI & ¥tk . Hifil#id FEan &l 3-1 B,

ATP PEI
(aq) (aq)

SA(aq)
Stirring Stirring
ﬁ ‘ ‘

ECS(aa) CCS/SA A[P/(( S/SA

0.5 }tlirring

Freeze-drying  Cross-linking  Freeze-drying“

24 h Ca?* 24h

ATP/CCS/SA-PEI ATP/CCS/SA-PEI
€l 3-1 ATP/CCS/SA-PEI 54 Bl (il - i fE K
Figure 3-1 Preparation flow chart of ATP/CCS/SA-PEI composite gel
% 3-3 ATPICCS/SA-PEI & & BEIE I 2 U
Table 3-3 The compositions of the ATP/CCS/SA-PEI composite gel

FF it CCSfif(g) SAJfif(g) ATPiE(g)  PEIFE(Q)
ATP/CCS/SA-PEI (Owt% ATP) 1.2 0.6 0 0.75
ATP/CCS/SA-PEI (2.5wt% ATP) 1.2 0.6 0.5 0.75
ATP/CCS/SA-PEI (5wt% ATP) 1.2 0.6 1.0 0.75
ATP/CCS/SA-PEI (7.5wt% ATP) 1.2 0.6 15 0.75
ATP/CCS/SA-PEI (10wt% ATP) 1.2 0.6 2.0 0.75
ATP/CCS/SA-PEI (0wt% PEI) 1.2 0.6 1.0 0
ATP/CCS/SA-PEI (2.5wt% PEI) 1.2 0.6 1.0 0.25
ATP/CCS/SA-PEI (5wt% PEI) 1.2 0.6 1.0 0.5
ATP/CCS/SA-PEI (7.5wt% PEI) 1.2 0.6 1.0 0.75
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7: 5% 3-3
FEA CCSFi&(g) SAFifE(g) ATPFiE(g) PEIFE(Q)
ATP/CCS/SA-PEI (10wt% PEI) 1.2 0.6 1.0 1.0

3.2.3 S5 MRERIE

A B AR SRR SR RE A [F) 26 — % 2.2.3.

3.2.3.1 IRt RE

(1 Arifk 2z

Sy MIFREL 1.255 g TE/KBRIRA . 1 g W FAIEHE RN 1 g WISR LA T 25 3 ok,
o B 1000 mg/L ) Cu(1l). MB 1 CR Fr#El &%, =5 mL #= 1. MB #
CR ARAEI & VAT 100 mL =l g2, Bofil e 50 mg/L K47« MB #1 CR
PR . T 7 3 50 mL A&+ 4 A 0.00. 1.00. 2.00. 3.00. 4.00. 5.00.
6.00 mL Cu(Il) brefEiA# (50 mg/L) , KK 5 mL EDTA-T R, 5 mL
R-FAAEZZ PP, 1 mL SER R TOR 5 mL 855, LB T/KER, 76450 nm
K N IEIROGREE, JFRRYEL 2 Cu(l) HIARHERZE (B 3-2a) 5 FARET 7
37 50 mL &0 0.00. 1.00. 2.00. 3.00. 4.00. 5.00. 6.00 mL MB
PRAE (50 mg/L) , FHEBEF/KER, 1£664 nm FIREK FIERICE, JER
s FeH MB RIbrdERRZE (] 3-2b) 5 FIFET 7 % 50 mL FEHMF 25N
0.00. 1.00. 2.00. 3.00. 4.00. 5.00. 6.00 mL CR #R#EVAW (50 mg/L) , HZ:
B TAKE A, £E488 nm K FIEBOGE, JER4ESE R eh CR rybniEh 2k

( 3-2(:) o
(a2 (b)is (e)2s
Cu(i MB CR
1.0 2.0
1.24
g% g g
S £ g 1.54
= 0.6 2 0.8 2
P T e
s 2 S 1.04
2 2 Z
2" E <
= 0.4 0.5 =0.3557x+0.0245
0.2 y=0.1792x-0.007 y=0.0045x+0.0369 ¥ 0.1.___7.‘ 0.0245
R*=0.9998 R2=0,9993 R*=0.9998
0.0 0.0 0.0
01 2 3 4 5 6 0 1 2 3 4 5 6 01 2 3 4 5 6
Concentration (mg/L) Concentration (mg/L) Concentration (mg/L)

K 3-2 i55e (Cu(ll). MB AT CR) ki ih 2k
Figure 3-2 Pollutant (Cu(ll), MB and CR) standard curve
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(2) W PR

FREL— € U 2 A EURFE N, TEAEAFE pH 1E . ASFENRE R 5 99
W, TER S, RS — B TRIEURE, R SR 40T W3 6 B T e e s U
KIS, BHEWMHEREEEE M. 4 H 0.1 mol/L ¥ HCI F11 NaOH R
ARV pH 18

eSS, 7R o P Bt T HE BRI B S0, W BRI k.

(3) IR FAERE

¥ 50 mg E-A BRI ] 50 mL Cu(Il) (300 mg/L, pH=4) FI MB (300 mg/L,
pH=6) FRH 60h, HREAERMNELSMHEHNM. M5, KRHT Cudl) 1 MB H
0.1 mol/L HCI iR 4 h AT W . BEJG, B &HRH XL B TR EUREE+
YE, SNEHT AT —5e W f-AE .
(4) T PS5 IR TR R B 2 ) AR
6] 2.2.3.
3.2.3.2 JK IR P14 BE

¥ 0.1g EEBEIRA 200 mL /K 24 /b o U EGEER )G, FEE2KA
%, FRERMERRE. SaBRIKEMAR (o/g) HiaR3-1iHE.

mf—mi

Water adsorption capacity = 3-1

XA mi, me— ARV R EMOKEFRE, g.
3.2.3.3 h1F 48

Hil4 TANF ATP S2IIEAER, KHHET 7R AR LI & A e
FEZEMERE . HREN 0 ESE 3N 5 mmimin, 5 KA R N 80%, 153IE A EIRE G
FA) s 4 87 77 - 187 2% 28
3.2.3.4 Zitoth

HUBEEAE LA e 2 AR SR LU ) AR iE 2R OR . 7E SPSS SRR A
MR ETr 20t OiZntr T8 70tr.
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33ER5THL
3.3.1 ATP/CCS/SA-PEI & & &G RE I

TR AR FT-IR GG ERE, W 3-3 fior, T ATP, 7£ 3550-3620 cm’
LRI B (A AR B K D -OH R RSN, 7E 1200 e AL Si-O R iR
), 1t 980 cm™ AL¥IEy Si-O-Si SEIAFALE, ML 1041 cm™ I 796 cm™ ALK
43 7 B AI-O F1 Mg-O B2 difR 2 51201, % T CCS, 3583 cm™ Ak Emk
Biig & O-H Al N-H # i 4E4R 50, 1666 cm™ Al 1554 cm® 4b R AEIE IH AT -
COO- Al -NH; 4 #Rsh 1%, SF SA Hil, 3307 em™ b {8 3% -OH [
ARz, 1417 cm™ F1 1612 emt AL AME AR T -COO- FIXFR AN AR R A 4 i
W, Z=F PEl, AT 3542 cm™ A1 1681 cmt [k 7 23 HI % T N-H F1 C-N {45
PREhsel, fE 2 AU G, 7F 3000-3600 cm™ B i EL T 5 %E i, SRHL 5
ZBAFAESG RSB . -NH, 7E CCS W fiz B A 1554 #%5)5] 1589 cm™, ] fE 2 K]
NCCS RSB TR -NHs* . k4h, SA H -COO- M 1612 F1 1417 cm™
2 1647 cm™ F1 1423 cm™ B, SA ) -COO- 5 CCS ] -NHs* 2 [a] & A= # B AH
HAEM, -COO- 5 Ca*" Z [t R AEFHAM AR, HAERIEBLEHFAESR
BE L A AR RT3,

(a) (b)
ATP/CCS/SA-PEI
- ~ s oo K 7
e r~ 1 |

X S I | : !
:« ;’ | | | 1625

1 34341 !
@ (2] |

[} I 1
§ § | | : l
£ s I N\ | ATP/CCS/SA-PEI-CR | 1604
E E 134300 !

I
g Ay - T W W
z z |1 ATPICCSISA-PEL e
o & 34501 [
= = N \M
Q
- 15897 -
1200 [, 90

4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™) Wavenumbers (cm™)
K| 3-3 ATP. CCS. SA. PE| f1 ATP/CCS/SA-PEI B &#tR: (a) EWMs#YIE (b) 1 FT-
IR Jt; it

Figure 3-3 FT-IR spectra of ATP, CCS, SA, PEI and the ATP/CCS/SA-PEI composite gel (a) and
adsorbed pollutants (b)

A B ERATE L B 3-3b ATPAREL, &R AL T1589 cm™ 4bf) -COO- Iz fHidiR

40



TRUTAE R 2 A 3

ZUEINIR I B R B Ak, IR A B R R T RS, XU T R AR
(R B Ao A5 T R A U SRR LR P R e A LA 9T,

3.3.2 ATP/CCS/SA-PEI & & £ ISV 4E AN BE D 4T

Kl 3-4 f7x I ATP/CCS/SA-PEI & %K I¥ XRD Jti Al DSC 4. CCS.
PEI F11 SA [f] XRD Y4y I7E 20 = 22,52 19.3°A11 21.2 BT 575 H 458 58 P A7 5
g (1 3-4a) , KUEATEA —EW4mPEgE, 78 20 = 13.72 16.32% 26.52
36.7°FN 43 3 UL AT UG ATP IRFAEIEIO), [RII7E 5 G HER 1) XRD Kl i
LT ATP BIXJUAMRHENE, R ATP CEMRIIB RENE SRS
ATP. CCS. SA Al PEI (W& 737 L BLAE 94.7 °C. 102.7 °C. 118.7 °C
61.7 °C ff) DSC ik (& 3-4b) , T ATP/CCS/SA-PEI & &tk it B B AL 5 45
E (Tg) A971 °C, #REW, METEADEME, PEI 215K
ATP/CCS/SA-PEI & B Tg & K, S4MIERE—2, XU 1 U RS
B2 RAE T HEAER .

(a) _ (b
ATP/CCS/SA-PEI I ATP/CCS/SA-PEI
97.1°C
—_ Endo PEI
& o
b [ E
= ‘L-)’ cCS 102.7°C
7%
PEL 2 [ 94.7°C
10 20 30 40 50 ¢ 50 100 150
20 () Temperature (°C)
3-4 ATP. CCS. SA. PEI fl ATP/CCS/SA-PEI H &%t (a) XRD Y&l (b) DSC Hi
#;
Figure 3-4 (a) XRD and (b) DSC spectra of ATP, CCS, SA, PEI and ATP/CCS/SA-PEI composite
gel

3.3.3 ATP/CCS/SA-PEI & & @I MRi2 EM Ot

AT ARZR A R B B A RHE B A S TR i IR e 4, X ATP/CCS/SA-
PEI #HATHE 1. 7EE 3-5 1, ATP W=k H 4t 18.52%, CCS HJfi =
WRA DA 43.1%, WEERMFESIA G 7oA 40.45%, 15K MIEE LT
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FEAI R, HBTERURN 99.75%. E-EW 71 ATP/CCS/SA-PEI H#E i 237
£ 30 2 800 °CZ A DU /- il Br . fEER—Fr B, £E 29 -150 °C IRJZVEHIN, &
A PRI AR F N 9.27%, X IH T AR IR MM K, 4 5 R
R RN I KRS &K . =T 150 °C FIFTESR B 4 teal A A T 5 HLAL Y
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Figure 3-5 (a) TG and (c) DTG spectra of ATP, CCS, SA, PEI and ATP/CCS/SA-PEI composite gel,

(b) TG and (d) DTG spectra of ATP/CCS/SA-PEI composite gel before and after adsorption of
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Figure 3-6 SEM images of (a) ATP/CCS/SA and (b) ATP/CCS/SA-PEI composite gel
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Figure 3-7 (a) Nitrogen adsorption-desorption isotherms and (b) pore size distributions for
ATP/CCS/SA and ATP/CCS/SA-PEI composite gel
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Figure 3-8 Water adsorption capacity of the composite gel as a function of varying PEI content
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Figure 3-9 Compressive stress-strain curves of the composite gel with varying ATP content
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Figure 3-10 Adsorption capacity of Cu(Il), MB and CR by composite gel with different ATP

content and (b) different PEI content
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Figure 3-11 (a) The effects of different initial ion concentrations and (b-d) pH on the adsorption
capacity of Cu(Il), MB and CR
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Figure 3-12 (a, ¢, e) The adsorption capacity of Cu(Il), MB and CR by aerogel at temperature; (b, d,
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Figure 3-13 (a) The dynamic and static adsorption performance of ATP/CCS/SA-PEI on Cu(ll).

MB and CR; (b) the reusability of ATP/CCS/SA-PEI composite gel for Cu(Il) and MB
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Figure 3-14 Effects of background ions on adsorption of (a) Cu(II), (b) MB and (c) CR by
ATP/CCS/SA-PEI; (d) Adsorption capacity of ATP/CCS/SA-PEI composite gel for various organic
dyes (MB, MO, MG, CV, CR, AR73 and MR)
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Figure 3-15 (a) Adsorption isotherms and (b) adsorption kinetics curves of Cu(II) ions adsorbed on
ATP/CCS/SA-PEI composite gel
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Figure 3-16 (a) Adsorption isotherms and (b) adsorption kinetics curves of MB adsorbed on
ATP/CCS/SA-PEI composite gel

3.3.9.3 ATP/CCS/SA-PEI 8 & BB IR M CR HIREIHL&

] 3-17 7R T ATP/CCS/SA-PEI & &5t CR YLk Y 58 75 A& Langmuir
SRR PR BRI UE BN BN A5 4R, A Langmuir TR AR SEAY (0.9981) Ak
BRI (0.9927) i) REAESEHEL T 1, @I LA B0 IR B A S
ISR B 2 2 T B 22 e, RIREE AR, ATPICCS/SA-PEI & EEHI X CR
FRTC BREATLAR DA 2 B A

(2) (b)

300 - ® CR 3004
250 - 2504
T 200 C, 200 -
%o = 150
8 150 /¢ Langmuir fitting g«
D 4 ]
S 100 ' R’=0.9981 S 100 - pesudo-first-order
Freundlich fitting R2=0.9876
504 R?=0.9976 50+ pesudo-second-order
- D-R fitting R?=0.9927
04 R’=0.9172 0-
0 50 100 150 200 250 300 0 20 40 60 8 100 120
Concentration (mg/L) Time (h)

3-17 ATP/CCS/SA-PEI 54 LRI CR 117 (a) WRIHEEIRLZRA (b) WRPHZ) /72 itk
Figure 3-17 (a) Adsorption isotherms and (b) adsorption kinetics curves of CR adsorbed on
ATP/CCS/SA-PEI composite gel
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Figure 3-18 XPS spectra before and after adsorption of Cu(ll), MB and CR by ATP/CCS/SA-PEI,;
(@) Full spectrum, (b) Cu 2p, S 2p (c) C1s (d) N1s

FIF] SEM-EDS [l 43#7 7 W B 7075 Cu?* . MB A1 CR KIHIUE 5 S0 bt 7
FIESFIT RN, Kl 3-19 1 3-20 KB, ATP/CCS/SA-PEI W7t Cu?*,
MB F1 CR MR B FF AT 51T BB 54 TERE I 25028, A 3-19¢ ] DA
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HEBIMTCRE IR T C. Ny O Fl Ca fEE, HEEAN JRTFHDE)
4 7 939.59% (50.38%) . 10.94% (11.06%) . 40.62% (35.62%) A1 8.85%
(2.94%) ; M 3-19d FRLLEH, MR Cu® J5 B G EtIR M c RA SR T C.
N. O. Ca I Cu ffE, EEAS JEFHESH 708 35.61% (49.61%) .
2.34% (2.79%) . 38.88% (40.67%) . 5.34% (2.23%) £ 17.83% (4.70%) ; M
Kl 3-20c AT LAE H, W MB Ja 2 & EERIN TR AR T C. Ny O, CaflS
MAAE, EEaaott (RFESH) 298 27.29% (37.28%) . 4.33%
(5.07%) . 48.12% (49.35%) . 5.65% (3.24%) F114.61% (5.06%) .

J&i ATP/CCS/SA-PEI [f) SEM-EDS 7t % i

Figure 3-19 SEM before (a) and after (b) Cu(II) adsorption by ATP/CCS/SA-PEI; SEM-EDS
element mapping of ATP/CCS/SA-PEI before (c) and after (d) Cu(II) adsorption

MK 3-20d AT LLE H, MR CR JEE &EIRITTRARMMAR T C. N. O,
Ca fl S fFLE, HEHI JRTAS 73508 25.91% (34.19%) . 2.55%
(2.88%) . 58.46% (57.79%) . 1.86% (1.12%) 1 11.16% (4.02%) . [FH},
#* 3-5 &R [ ATP/CCS/SA-PEI Wit jm R itk 22 s A4k, 4% C. N, O. Ca.
Cu il S 25 0%, Cu MEEH /A 17.83%, S ME & 45N 14.61% A
11.16%. XER I T E A B Cu®* . MB A1 CR A RGBT, JF7EH R
SIBIE A A, HEERERIL KENEME LR, RHULRIALEFESE
(SRR 5L B AR VS PEAL AT . IXSEE RE B R IS H  F A F E A . ik
b, TER 3-5 HHIERAE TR AT G R AR P IeER Ca FrEMZ . FTULEH, It
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Figure 3-20 ATP/CCS/SA-PEI adsorption of (a) MB and (b) CR by SEM; SEM-EDS element
mapping for adsorption of (c) MB and (d) CR
# 3-5 ATP/CCS/SA-PEI W [ff Cu(ll). MB H1 CR Hi 5 e HK & &7

Table 3-5 Elemental content analysis of Cu(ll), MB and CR before and after adsorption by
ATP/CCS/SA-PEI

F i C(Wt%) N(wt%) O(Wt%) Ca(wt%) Cu(wt%) S(wt%)
ATP/CCS/SA-PEI 39.59 10.94 40.62 8.85 / /
Adsorption Cu(II) 35.61 2.34 38.88 5.34 17.83 /

Adsorption MB 27.29 433 48.12 5.65 / 14.61
Adsorption CR 25.97 2.55 58.46 1.86 / 11.16

NT AT A EN ATPICCS/SA-PEI W I H 4 J& 25 1 A 4L his Y (IR B AL
H, DRI B AT S AR AT Zeta HAAZIINR, I 3-21a, FRATAT LRI
Bt Cu(Il) B 1 /i Zeta B147 4 -15.68 mV, WL} Ji5 () Zeta HLAZ N -26.38 mV, [
W B4 251 B B 3G, e Zeta FLALBHI AR/, XATHETEEEKS Cul) K
AT ERERIRSIER . fEL ~ 611 pH JEEINIIIE | ATP/CCS/SA-PEI R Zeta H
fr, TEMCYEEIAN, SEUARERER . FTARERTERTE pH K #R s Gt s g (13-
21b). X —gE AR EE, DR A W T R A 1 FH AR IR BT R AR £
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B, DIHIRSH IEEN Cu B F AR EAEH . FERHE 3-21c. e, A LLAILK
MMB A CR Z¥klpiH Zeta LA A -15.68 mV, WEFH 51 Zeta A4 TN -29.95
A1 -28.62 mV, FEAN[E pH 6 N ) Zeta Ha A7 (R4 0 B s, 194 BT R AR
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Figure 3-21 Zeta potential before and after adsorption of (a) Cu(I), (c) MB and (e) CR by
ATP/CCS/SA-PEI; Zeta potentials of ATP/CCS/SA-PEI adsorbing (b) Cu(II), (d) MB and (f) CR at

different pH values
HRYE FT-IR. XPS. EDS 1 Zeta FLA7 25 MR 73471,  ATP/CCS/ISA-PEI % Cu(Il).

MB 1 CR HIAHRIL I HLE ] 3-22 from. &R AT ) (-OH, -
COOH) LIS Cu(ll) 1 MB BHES Fi54edy s IEFHATH) (Cu®*, =N*-) RA#
HAH AR a7 IEMAH (-NH) FTLLE CR BB T4 b i as i) (-SOs”
Na*) KAEFHEWREIERE. E4EK (-OH, -COOH) FHEJE T Ll MB
AR TIRER; -NH, WA TS CR AR T (-SOsH) Z M kEst, #
AR E IR 2 . R AEER LI (Ca?*) AILLAI Cu®* Al MB HHTIHE 75c#. B
HHER L (-NHz,  -COOH) &R T A AEUR 7 # B A U i1, AT RUME A
e A7 R 540 5 1 TR LA B, AT T s &40«
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@ Cu(Il) i R}y
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.
. . )
- Cation exchange i

3-22 ATP/CCS/SA-PEI %f Cu(Il). MB F1 CR FW i HLER &
Figure 3-22 The adsorption mechanisms for Cu(Il), MB, and CR by ATP/CCS/SA-PEI

3.4 RE /24

A AR Pl 4 1) ATP/CCSISA-PEI B & #tI HA JZ IR FIFLE5 1, 1EKIE
Wb BARFERRE. ZMEEAEFEER -OH. -COOH Hl -NH, W b5 [,
Rl B BRI LR A, A 9.85 m¥g. JEAFIERENIRE N, & &R /1%
VRIS, HORAEIRE BN 4.32 MPa.

B0 P B VAR pHAEL . 15 G 46 A B R T B0 B 0 R B e A AR R R
. FERALZEE TS, ATPICCS/SA-PEI X Cu(ll). MB F1 CR [ e KR B 25 &
535108 228.24 mglg. 206 mg/g A1 290.13 mg/g, BT KZE AR INF. BAk, %
SBIAE 4 YRR P - I B J5 AT 22 I R A R B e, 3 & 7 5 2% R /K R g S
BRRLFH o WP S IR 40 6 45 SR B R S Langmuir SRIEBEAL, I ISR S Yy
PRV B 32 252 B — R A DA, RIS IR B ) ) A A T R DL 5 SR 3R Y
MB (W B BE A S E— B 8 ) A8, Ui S RONT MBI Bt A A4 3 8
A T Cu(ll) 1 CR AW B S RFA ik Izl A, BB AR Cu(ln)
H CR W R AR DAL R B R 2

I FT-IR. Zeta. EDS F1 XPS4r #rkBH, &KX CR M HLEE 32N
FrER S A E A, X MB IR LR = BN ER R S] . FH B T A8 R A AR
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FLE RGEERE

ARHEFELL SA N EARMEL, PEI A ZESEARL, K AR 52 SRS AR A
By, R E T ARZERIEM A R T RIL S & H % 1) DE/CS-PEI@SA AN
ATP/CCS/SA-PEI WffifE i IRANE 2 & e AR} @i SEM. XRD. DSC. TG-
DTG. BET F FT-IR EAF T RII4E M, FEHEER T SA FE. ATP A&
PEI & 71 ML RE IR BTV BRI 52 . BT R ZE 518 0 T

(1) LA SA yEMRMRL, PEI NSERTEL, DE M CS sy, KH&ET
LIEFNA BT 182456 i Th il % ) DE/CS-PEI@SA H &K, &5REY, h
BRI B e e kB . 24 SA &9 1.00 g, PEI Fl&E N 0.75 g It BEL
XFCu(Il) F1 Pb(IT) AU B 2 S e i, #9146 Cu(Il) A1 Pb(ID) HIES T EE A 300
mg/L, RPHFIE =S 0.05 g, WHELE pH 28 6 1 4, IR 35 °C B, MR
B 70%F Cu(ID) A1 Pb(IT) AW B B i oA 174.39 AT 295.04 mg/g. Cu(Il) Ff X Fft
B K 77.49%, Pb(II) FIFEEIE Ky 82.5%, FHIE GEK DE/CS-PEI@QSA EA
RIFIFRE AT A . WK TERER A, 24 PEI F&28 0.75 g i, HARKIERE
BT o R 51N A S B TR AR Cu(Il) A1 Pb(IL) HIWR BN RICR, 4Rk
H 68 fie 22 I HH 5 0 (R BRSO S, 6 I A 18 AT SR SR IR HH B e IR B P R e i
I BB B S R R S5 K . XPS P, EDS Ml Zeta FEAZIIASS R, ATRA
K PIDE/ICS-PEI@SA #EHZ I Cu(ll) F1 Po(IT) FIMLEE . SUBEA ELAE . A
HAEM . B0 4 A .

(2) LL SA HEMMEL, PEI AtEMEL,  CCS ABHMiM KL, I ATP K
AR P RE AR B RS, SR BT AC A RIA VR TR IR A A i il 4
i ATP/CCS/ISA-PEI E&#EI . 45 RKY, H& R I B i AFa e TERe,
I I 2 LI . 24 ATP (5 5 witve B, BRI} R 48 o 5 350k,
N 4.32 MPa, JE/R T H It e kGE. 29 ATP (8 &8 5 wit%, PEI & &N
7.5 W% I, BERSKE Cu(Il). MB FT CR FIW B RCR By, 249146 Cu(l). MB Al
CR V53S0 [ 9 300 mg/L, W B 5714 A &0 0.05 g, VA pH 7304
4. 6 F16, JHEN 35°C K, WHIFI%T Cu(ll). MB A1 CR W I & i =i iy 228.24
mg/g. 206 mg/g F1 290.13 mg/g. LA, EEEEAE 4 IO BE- M OGP S AT 2 I

59



TRUTAE R 2 A 3

H R MB FI Cu(ll) "R, MB AT Cu(ll) fZBRF 535N 53% Al 48%, &
EAER IR PRI SEbR R . AKIRBHPERER B, 24 PEI M& & 7.5 wit% i, H
TRAKPERE BT o 8 51 NS0 B8 TR MR B Cu(Il) s MB 1 CR [ 2%
B, g SRR I R I B I IAEEE RV, X B bR TS G AT AR R I A IR
Bt e o E A A AT B S AR S5 . XPS M. EDS WA Zeta LAz
WA, ATLUKIL ATP/ICCS/SA-PEL &R Cu(Il) FrIMR B ATLEE 3= 2L s i 5l |
FCALANPH B T2 A F, X MBIRIIR BRETLEE 3= B 0 i 5] o BH S A8 e A i
TEF, Xt CR MR LI 3= B A sl IR 5| AU B E

AHFFEIET RINEVITA L SA JBbAk, dd i ARl (M2 0, K
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ZRTT I RA R R AR, EIEAEE LR, R ERATE P u A e
Ho HARANHRT VAR pH N EGHYEN T X Eey5 Qe WIRIR I RCR, T RUR I
e pH HRAEM TR T, (ASEbRS A, AR 2 HRAE SRR IR 261 T
P11 I 82 AT 98 PT LA e 3R A2 37 e Vs i A ) Jo AT 4 2 Mok e i —
W, HRESEE TAIRZ (i Cu(ll). Pb(I). Cr(VI). Ni(INZ5), Yekbs i)
WAMREZ LR, WIER. S5, fLEasss), A& KR SRR
X B — B I U 075 G B ROR B B A R BORAN AR FRAR, PRt i 48
A ARSI AR A MR A L B R AT SO, AT 28 i X 450 22 15 G FA) W B 2
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