Y. WS TIESFIR % 15% % 1289 2021 4 12

Eco-Environmental Chinese Journal of Vol. 15, No.12  Dec. 2021
Knowledge Web Environmental Engineering

@ http://www.cjee.ac.cn E-mail: cjee@rcees.ac.cn S (010) 62941074
FIETEE o e fs =3 RN
& 2% XEEZR: KiTEE
SHAM DOI 10.12030/j.cjee.202108152 HiE 43S X703.1 SCHRBRIRES - A

D38, XY, R, 55, R8CE SJR AR R TDTC XF45-A M 19 L ERITERE(T]. PR TR, 2021, 15(12): 3844-3853.
YI Shuang, LIU Mudan, SONG Weifeng, et al. The performance of highly-efficient dithiocarbamate-based heavy metal
chelating agent on complex copper removal[J]. Chinese Journal of Environmental Engineering, 2021, 15(12): 3844-3853.

FAE S BT TDTC X444 i 2 Btk ik

% ik 1,2,3,4, 5‘(,] #iﬂ_2,3,4, j{_ﬂ_é%l’lg, @4'}5{]’%&1’2’3’4, }’%%%ﬁ2,3,4

LR T RS RS 5 TR BE, T M 510006

2. RAB BB SR A H 5% T R WESR AT, TN 510000
3B ERESEARAEZRESZRE, M 510000
AT RV TREF RS GA A HESLKE, M 510000

B—VEE: BHF(1996—), W, WEMRA., MRF . BELEEAKBM,. E-mail: 597049335@qq.com
EFER: RILE (1972—), B, Wb, #. PF5hm, K534 . E-mail: weifengsong@gdut.edu.cn

W B RGEAFETIEEFENBY RN ENSAEESESRRRRMA NG, SJ B, D=2
Jie . A R BRORNG TEE 4 JE A AR R N, NS (AR R AR — 4R DU (TDTC), IR LA 55 o i 7
X EEE R B AT T RAE . LU AR . AR M EDTA M 3R 4 G4 Rx g, PRT
TDTC Xt 4 A 8 0 2 B b e J L BRMLEE . 458 W], 7F pH 4 3.0~9.0. TDTC # it} 1 mmol-L™"' . Cu i &2 ¥ &
H50mg- L', PAMEINE N | mg L' &4 F, CuRBRRAEE] 99.6% LA I it — 5 UITE RAE A2 RE W,
TDTC ¥4 & Cu W 2B i BAFFEEE AR R N, HA SN &R BTEF L, REIEHE Cu AR B 19 2% A 5
JUR % I T X Vs 4 B S T, DT SE BRR K P Cu A R B . DL AR5 45 S Aok R 4 S o 4 A A R L
EEEN TR EEMESE,

KR EEREWEN; %4 Cu Bhs LB

HUBE | Al DA R A B R 7 A W K POl S A R B WL RGBSR LR T
ey, WA HHEAT A A PR R R —, SHE K FEOR AR, A KE
WA YL G P R T A A R (2 e R (EDTA), 7 BTR . IATR) =5
W8 e e P e OB S 20 46 A4S, 1 EDTA-Cu B2 5E % B EL Cu(OH), 7 5 M 4, K a8
4R 2R AR SR, BAET 20 pH 6 Bl N BB IS FR 0 AE 7R, (A5 H 3k DL R K A 2%
BRI DABE T VE 15 FHBR A6 4 D0 TE 1 R AR i Ak 24 DT vE 2 B HT iz 4l H 28 5 PR 3 0 O ik,
BAE ] M BRI ROR A, HUCEWAERR T A T AR g o R Akt By sc i
U R PRI LT SR A T AR AR R . PR A RS R R R, K R 48 A R
WAL, 0T 2B — > iR A DY [
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GV ARk . BREEUEN R, AR T HA B4R DT-SC, X Cu’. Cd*. Mo ABRRIHE
90% A I SKFHAEPY R IR URME . B AR AR S A B SR T A E & R 42 R TDDP,  fF et
F2 AR X Cu F0 P> 25 B R B Mt 96%, K Zn* LR R W I 91%., 23 TR AR A L TR 4l
(DDTC). SDDCP™ &5 /Ny F 5 4 7 S B AR R Ak 2 F L R N IR Bt e (DTMPAM)Y . 3R - iR &
S g (PADTO)? S5 @ TR A, X Cu B RAFH) LBtERe . b & o 72 A IR Re 5
U, AR K 23 6] 457 B AE 75 DTC B BRI R BAR,  HAFTFE A B (4 [a] @) Rl iE, /NG 72
A7 DTC JE A R R AR A &, (B A BB SN FE A LR AR . 2 FlimK
/NG Y I AT 24 DTC SEH R 2 & 7T S - EROR I L BRMEfE . b, SR = 20 DU B 55y Ji
BEREZHMARELRIEEEAMESBEMEN, — A Zm R AR, LBRAR T D E N
Wy oy — i EAE Y o TR, nTREIRAS LR, MRS R SR — R T £ B TR,
ARSCUA = LMV TSGR, TR . SRR 25 F A i & R RN, NS (AR 3)
= IR VURE (TDTC), XF EDTA-Cu 55 H A UL A BRACR, DL &4 K 0 m R b B ik 2 2%
1 #MR5RE%
1.1 SSIEME

AW ST BT R N BE R (PAM, MW 300 J7) Il T Kok stk 7150 ), S & L8 (NaOH).
T (CH0,) . LMD — %M (C, H,,N,0{Na,2H,0).. Filiké4d (CuSO,-5H,0). F5R (C H,0,-H,0).
W G R EP 44 (C,H,0,KNa-4H,0) ¥ T M Ak 2438500, =2 e (TETA), —#i bk (CS,) ¥l
gl 1 VA /N I 721 B2 /S T
1.2 LWHE

1) TDTC A& A o [l ¥ 8 FE $F 25 B A9 250 mL = FBe i P ImA —E R MR AER (V, -/
Vio=1:1), JIA TETA 0.1 mol(14.98 mL), vK7K & 2 FF 718 33 ii% Jin CS, 0.23 mol(13.86 mL), % il 5¢
MU FZRER, EIRKE S RN 20, g, HICKCEMLREFKER™ M 2~3 1k, TH:E
fEE, 520 0E TRMIRBEOHAN, NS (AR =2k, B TDTC. 4 & i 4 #
TDTC il £ 5 W an= (1) fr s

H H

H. | | _H L ZW/H,0
N-——CH,-CH,-N-—CH,- CH,-N——CH, -CH, NI  +2CS, ———————=
y 2 ~H
S ? H s (1
o Ed
'C—N~— CH,-CH,-N—CH,-CH,-N—CH,-CH,—N—C
P | R
HS H H SH

2) ALK R BE . Fe IR A Cu BEAR HE R 101 FREGE B A 2 iU £ /R — 4% (EDTA-2Na),
FFEIR (C.H,0,°H,0, “CA) 59 £1 BR 41 4 (C,H,0,KNa-4H,0, TA) 5 TL/K B4 (CuSO,-5H,0) i il Z
TR R 4% &4 (EDTA-Cu). FrER 4 & il (CA-Cu). T A R4S &4 (TA-Cu) 3 LI E /K .

3) 44 Cu 2BRSEE . EFIRAM T, 78 150 mL BEAR 23 B A 100 mL Cu JFi ¥ JE 4 50 mg- L™
i) EDTA-Cu. CA-Cu. TA-Cu¥&, 877 pH, #SI—E i TDTC B, & THPEas ik (300 rrmin™)
PERE, RE AR AN 1.0 mg- L' PAM, 1838 (70 rmin ) BEPE—E ], #E 10 min, BUKE T 2 cm
Ab B, E W AR A R Cu vk EE R T IORCA E B THIN E , Cu B FRFRAMRAE X ) AT

Co-C,
R= °C— x 100% @)

0
A RUEBRE, %; C, NEWH Cu PR EKE, mg L' C, MAHEER S Cu i F 43 5
EWRE, mgL,
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1.3 ShiEE

pH >R IR B2 (F7 W pHS-25) W 7 5 Cu V& B2 R HT KM I Ml 43 0 6 BE i (WFX-110B, £
F 0.006 mg-L™", b4 A1) M 2 ; TDTC K H Wi v& 2% i % 24 0 22 43 6l B 7 A% 8% (Hitachi
S4800, H 7 H37); TDTC 4k 5 4 & 1 )5 2050 i >k A KBr J& 7 v 76 8 57 1 21 40 638 42 (Nicolet
670, 3% [ Thermo Fisher) I 5¢ & ; XPS Mk fiff I X §F £& )% H2 T 8 3% {X (Thermo Scientific K-Alpha+,
2% [#] Thermo Fisher); i/ 5% & 7~ ¥ o0 & 40 ¥k F A PLICE 43 Hr {X (Vario MACRO cube, & [E]
Elementar) &k . & . A . & &E.

2 BRE5DHR
2.1 TDTC #HMEXEKE Cu KRR

£ PAM 7SI 8 1.0 mg-L™'. S o7 i [ 100 -
S5min, FFH 10 min, W pH N 4.0, Cufii g %0l
W R 50 mg L7 (IS 1FET, IMAATR & E < ——TACu
SRR, A Cul R M 1T oy ——EDTACu
/Re HIE T AAL, 4 TDTC #/init<1 mmol-L™" A, 2ol
3 P& A Cu il 2B bl TDTC 45 Jin 2 38 fin i 45 al
griahn; M EF LR 1 mmol L Ef, KA
Cu EBRRIEARE, 55 99.6% LU, BLitx S K Z2r Y B E—
NAKZR H ) Cu B W E Y AE 0.2 mg L LAF . B (mmol - L)
A, TDTC X 3 F4k 4525 Cu 4 8051 J: B E1 TDTC#HMEXEKE Cu XBRHIHI
ME, THARREXN T CulE & hmT Fig. 1 Effect of TDTC dosage on complex copper
TA. CA. EDTA. 7& TDTC 4 il & [l (4 it removal capacity

T, Cu %Ki EE A TA-Cu>CA-Cu>EDTA-Cu, XK K 3 Fh& & H5 Cu L &Y i e
B H % B 25 4 TA-Cu<CA-Cu<EDTA-Cu®®, TDTC 7E 5 44 7 i B 07 35 4 vh 484 700 9 84 5 i B0
/N, TDTC &4l 5 pe e, B AVIERCE MR, Wik, RS8N E RN TDTC X # BN % &
Cu EBRBORELR, gkseiy gl AbrFa —a Lo, AmEEAK, B &k KT coD
H 170mg L™ #4n%] 407.5mg L', [FAIGF2FEAEIAN EF, FrAiEE TDTC S 1 mmol L',
2.2 #1A pH MBS Cu BRI M

W1tk pH X TDTC i H A R B T AR M K . 76 PAM £ & 1.0 mg' L', TDTC #Jin &
A 1 mmol-L™"' [ 2 Wi i [8] 5min, #'# 10 min, Cu iR E N S0mg L' 5MA T, KH 0.1 mol- L™
() HCI/NaOH V& 15 4R Z2 91 4h pH, #I4h pH X454 Cu £ BRFE 45 AN 2 FioR . B85 2 A

100 s 100F ] = 100 F 335 ©
257, 30 7, O
SR 20:':05\@90- 125 ;09*790- 130 0
il E & 50 CA-Cufpe 20 £ % 807 1% £
3¢ L ——TA-Cutfx = r —CA- SRS 1 = =
RN e R L G CUR R 2 5 oop | o EDACulERE T s o
4J§ 20k A Cu g k)R 10% % 70 15 mﬁ 5 60 | —— BB CuR R 115 %{
O 3 L . {
< 60 B Q60 e 2 5! {10 £
[ 15 2 < =5 = =
O Js50f 1° © a2 4l 15 2
50 ot BE = RE
........... 10 AAH;{ 40 - n I . . 40 _&;( 30 L L .40 .Hu;(
012345678910111 01234567389101112 0123456789101112
WikpH WihpH WthpH
(a) MHHPHA TA-CuiBR RO (b) FIHAPHAFCA-Cu BRI () HIpHATEDTA-Cu: iRl L5

El 2 #1% pH B A Cu KRR FE

Fig. 2 Effect of system initial pH on complex copper removal capacity
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SE 43 I R VAR ZR pH A 1.0~11.0, %45 Cu(OH), TLIEY ML 1, W TA-Cu, CA-Cu. EDTA-
Cu 7EFR M MBI 51 N AL TR e R, UTE R AR S K GH K. HE 20 AL, X pH Ny
3.0~9.00F, R CuliEIKEA 02 mg L LLF, A8 HEARMEZER ;24 pH<3.0 5 pH>9.0, EP
568 8 5 S 0L T 25 BRSO B W R B . B0 4R pH SR TDTC A9 B, 24 pH>11.0 B, 3.5 %%
B Cu B EBRRA THE, ATHE90% LA o X Wk pH M RFLE I T+ 24 28 (3) A% - 7 ) A4
Bah, nlfliE 2 mARIER R TF MRS FRE, BES S B A, AR T,
AN E CMI A YR E TR, AR THi%.

R,R,N—CSSH = R,R,N—CSS™ +H" 3)

WMkr B R 7E R P A CH0,. CH,0, . CHO, . CH 0, 4 FIEA, X R AY LB #5003k
pk=3.13. pk=4.76. pk;=6.40. TEBRYESME T, Fr&WR MRS I 55, 5 Cu™ B LM 4 & YT mi
E, FEERICGE TR M pH<B.0 0, X Q) PR E AR, A s iR, A
FIF X Cu™ B4, HIEEA PR EE SN T Cu 8 5 5 H85 &, A7 1IE L il —N'HR, 5 i
FRRMBIE N EL, B Cu™ LBRF TP, SCPRE 48 K Z Wk, TDTC b #H & il 2 K o
P pH PR, Kb B S RS R T IRR, GEANE T R Sk Tl vE A A B B
23 KRATEXES Cu KRR

K H 100 mL 45 & Cu i &8V FE 8 50 mg- LV A9 888 K, TDTC & i >~ 1 mmol-L™', 877
pH=4.0, PAM SN 1 mg- L™, 8% 45 4 4

FE N84 (70 rmin"), #EFE 0~10 min, DLIESE .
7 P B 6 % 4 Cu 22 BRACR IR 0, 45 S >T e EDTACH
3. i 3 AT, R 30 s BB P 6 Cu (Y s 90F Tna
S T0%-~90%., 3 T Rl K 4 Y B AR A1 o
HE®AERAMFX Co GRS, CONEE 3 ol
Wy B R I S BVE 1 B W)« FE T 3 min, .
Cu 2 [ 2R bifi 2 7 Bsf 1] 9 2B < T . SR e &
SRR TR, TDTC 544 Cu ()5 0 1 2 3 4 5 6 7 8 9 10
ASERL, Cu 22W5 R AE 99.8% LA I ;6 2 o7 Hif ] F e Fl/omin
KT 10minf5, CuifRBRMA TR, XAlfE B3 REMEMNEE Co AREROTM
LD Sk K B R B B T R R e Fig. 3  Effect of reaction time F)n complex copper
removal capacity

T 52 M) 13 KK Bt o 5 1380 52 B 1 P v 1) i A
2, BBV EFE 24 3 min, 100 —
24 ZRFINEES CuXBRBRE I 99 |

B 100 mL, 50 mg-L™" #y 3 Fp 455 Cu 40 E gl ——EDTA-Cu
K, 7EpH } 4.0, TDTC #HNHEH 1 mmol-L ™, % ——TACu
J2 v BFTE 5 min, #E 10 min B9 F, DA g
A B 1 LEEF PAM, LI 7T L §E5 PAM 7 96 |
X4 G Cu RERIYSZ . HIE 471 F1, TEARR os L. , , , , ,
INEEER PAM 191550 F , EDTA-Cu, CA-Cu 5 0 05 1o L5200 25

TA-Cu [543, 95.63% . 96.17% F196.32% PAMRII e L)
“LU ERARE 0570 T I ATID2290 B4 ZEFABMEBIES CuZRYRGEM

=gl VN SN N LY X NG 1
L [3% PE fig 5 B2 A7 S E: A PAM I 55 o B % Fig. 4 Effect of PAM dosage on complex copper
LR H SR N, 3PS KRR Z removal capacity
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WK, X AT BESE T R TEKE Cu NZE A Rl 4 ok Ja B Y 4/ INORE A 5 224k — [l i f
X B, M PAM 5 41 /N B0 UKL Y 38 A3 48 0 4 B R B R 2R AR T i A AR DL R BR . Y
PAM /i 1 mg- L' I, 3FPE8G Cu B EBRRIITE 99.6% UL b, HiEaTRE. &8 BIELTK
A, M PAM MRS I mg L',
25 TDTC 5 CuZEAHIE

1) TDTC KA =PRI A . @it H i 5 MEL TDTC RHAE =R EIE A Kl 5(a)
3 TDTC & (%) SEM [, & 5(b). &l 5(c) FE 5(d) Ky 3 FEE A UITER SEM B, & 5(a) 7] B i,
WEFESAHN, HEEEH, HWREBK, 45HE%, BRMERIE . HE o). K seH
K s(d) T & Y, AT S(a) R TDTC, SR J5 A B EE A DUTE T S AN BRI , 3% 1T 25 75 40 X6 M
R, WURLZ [ Z5 G %% . X &t TDTC 44 Cu i Cu A 805 R i s, 1 3 FrijiiE B
SR ZES TR M T TDTC E S5 AR A Cu i, HARFEYS SRS KAINA—, HT
G325 Cu i TDTC |aH 5%, FEOV I MIE SRR .

10 pm - b 10 um

(a) TDTCA A (b) HCA-Cuz N JFivE

10 pm

(¢) HTA-Cuk BiJFULHE (d) SEDTA-Cufz i J5 UL

5 TDTC MESYMRELS
Fig. 5 SEM images of TDTC and chelate precipitates

2) TDTC JCHE 7. H1 2 1 Ay o5 ®1 TDICHTRAH
2 . TDTCH C. H. NHI SR IR T Table 1 Elementary analysis of TDTC
4:9:2:2 (LB UIE . 45A LR prgs R, v TR /% PO BEAIRT
LA B R4 R T TDTC, b4 30 CHN,S,. C 33.97 191
P C. S HISE, WAL, i H 3.28 3.96
TR, N ATRERE CS, SR . N 18.64 09
S 40.75 1.1

3) ZTAMEE T, 7 400~4 000 cm ™! X TDTC
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HATLLAMD GRS, 45k WE 6 iR, 2937 cm™
fb Ry C—H Mg dsh, KT 3000 cm™, WU
U Fy C—H A AR R B I BT 2 854 em ! ik
—CH, i X} FR A 45 3% 2l iP5 2 557 em™ by
—SH i 9% 3h i 45 165495 1633 em™ 4 N—H
AT IR 2 IR ; 1459 em™ 4k N—CS, 1y fif
PRSI, BT C—N FLEE (1300 cm ™)
1 C=N W& (1 600 con ") Z 8], ELA7 #43 AUs
PEREPS; 1243 em ' Ab A C=S FRAF WL Wi ig s 1F
1110, 993, 941 cm™' 447 C—S AR it 4 e,
Ik F C==S WU 1 F¢ i Y (1 501~1 200 em ™),
T C—S HLEE Y RRAE I (600~700 cm ™), H.
Sh i U e, ELAT B A RUEME TP, DL g
TV R e S A AR E IR R LA
LR BT, MRS 3 F
B A Cu B K RV A3 B AL i ye , xfH
AT L AN R AR, a5 R 7, I 7]
A, 3 FPULTE B LLAME I AE 5 B 07 R
M 2ERRNK, FWAP=AR 3 R EE BEAI2E
RIRAR B —3Y, 1 TA. CA. EDTA 3 Fi%
HRIE BRI AT —3 . mubnr AW . 78
A RN AR AR B B A DTTE PN T A R s

L 1 1 1 1 1 1 1 1 1
4000 2 800 1 600 400

6 TDTC I 5hsEikE
Fig. 6. FTIR spectrum of TDTC

TDTC5CA-Cu
SZILHE

TDTC5TA-Cu

TDTCHEDTA-Cu

2412 1585 9341
) ) ) ) 14631 110,
4000 2 800 1 600 400
WeE/em™

E7 3#ESTEMHLIEE

Fig. 7 FTIR spectra of TDTC and chelate precipitations
A0, AT R T AR R A4 A R
i A1 WA S g o B BT B

WECE 6 5 18 7 25 AT UL, AR FUTE 1459 em™ Ab A9 N—CS, 19 ift 455 4 3l W Whe e % A= o % 22
1463 cm™ &b F W Yig e 568 FE D8 /N, 2. 557 em ™ b B —SH FFIE I IEE 525 & Cu R B Z SR TE 2%,
1110, 993, 941 cm ' Ab Y C—S IR 45 15 5 1 243 cm ™" Ab Y C—S FFAF W i 06 568 55 A7 BT AR . LA
AR A R R N A RSB —CSS 5 AR LA Co RAE AR, S I AR,
—CSS WL HIfR R L EMAR [FBT, 1459 cm™ 4bAY N—CS, 9/ 454 sl W o 1 9 17 855 1 633 em ™
b 1) N—H g i 22 b af e 2 TN 5 CuJB

Cls

A7 B TR

4) XPS 43 Wi o FIJA] XPS 34047 TDTC Jz 1 TDW
A3 B R V2 2 Cu TR 26 0 L2 411 15 2% Tﬁfﬁﬁ?%§~ujihkl
A RS HLEE . Kl 8 S TDTC K 3 Fh#E &

TDTC5TA-Culs b iU 3E

ULVERY) XPS A, € 9 & 10 4 TDTC K 3 Ff e

B A UUVE Y S2p. Nls f XPS i 4 Bk 15 121 TT?TEEETMQEEEL

B & 8 Al 1, £ TDTC 5 CA-Cu, TA-Cul el
EDTA-Cu J% I MU VE B 5 01 A 24 1 400 1200 100080060000 2000
P Cu2p3 Wefii 5, i TDTC [ f 52 45 1 19 8 TDTC % 3 8 A LIE ) XPS it
I, SR W] TDTC 7L 15 4% 5 78 X Cu B9 58 5 1 1 Fig. 8 XPS spectra of TDTC and chelate precipitates




3850 wos T EE LAARE
162.26 eV
Cc—S
162.99 eV
C=S
156 158 160 162 164 166 168 156 158 160 162 164 166 168
EEREeV 4iGHEeV

(a) TDTCRH A = e 43 FEik &l

156 158 160 162 164 166 168
LifrhgleV

(c) HTA-Cut NyLTE R At Pk

(b) FCA-Culst BECHE i g/ HHiik 4]

163.26 eV
C=S

156

158 160 162 164 166 168
HifrhgleV

(d) 5SEDTA-CuJs b L3 7 RE 4% &

9  S2p HY XPS =4 HEREILE
Fig. 9 The high-resolution core-level spectra of S2p

399.08 eV
N—CS,

400.42 eV.
C—N

400 402 404 406

394 396 398
iy Y
(a) TDTCIA A5 RE/IPREIT
399.64 ¢V
N—CS,
400.69 eV
396 398 400 402 404 406
siG eV

(¢) HTA-Cufz WLV B RE o HEig

399.38 eV

N—CS,

400.79 eV
C—N

396

396

398 400 402 404 406
i feleV
(b) 5CA-Culs i JUIE = e 4k
398 400 402 404 406
i ReeV

(d) SEDTA-Cul BELH S HE A H

10 Nis B XPS /= 47 ## 58 15
Fig. 10 The high-resolution core-level spectra of N1s
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I CuZe S . mIE 9, TDTC 5 TDTC-Cu " AR R B H A C—S R S2p 45 & e B~
161.55 eV F1 162.64, 16226, 162.34 eV, L5 £/ 3 FIUTTE S2p LS A REFR K Tl & . X2
4 TDTC-Cu th AR F R e C—S W S IR & Sl B b Cu 5Tk T HL -, 5456 ReFH
= ¥, TDTC Fl TDTC-Cu 1 Z #i A 32 3 i C=S 19 S2p 45 & fE 73 5~ 162.87 eV 1 163111 162.99.
16326 eV, ZZ4LAR/N, W] DTC i C=S K MITHZS 5 T 5 Cu MBS L. K 10 T NIs & 4
PR A K N—CS, fl C—N 2 IE 4 i, TDTC 5 TDTC-Cu H' N—CS, 8 i 45 & fE 4 9 M
399.08, 399.64. 399.38 i1 399.28 eV, TDTC 5 TDTC-Cu H' C—N 4 1 N1s 45 4 RE 70 7 v 400.42
400.79. 400.69 5 400.53 eV, JEH GG MM THTH M AN, X EW DTC HA T NJETF5H
Cu Z [B) v BEAFFE— M BCALAVE T, Bl N JEF A F il Cu B she UL 45 R E /R TDTC 75 5 %%
A Cufg it S, N5 CufFERCA/EN, IF F 208 o o AR 5L 09 2 & B /R R Cu il 4E
Sk i s R EA S
2.6 S5HE M DTC A4 7 EBRUR AV EL 3L

RS A B TDTC 5 H AR5 o A9 5 4w 48 00 0 e DL 3¢ 20 th & 2 mT L, AR AW SR
) B v R R e, (LA AR R S A A B b AR, BT L R RE U W AR PERE . TDTC R B
AR ERE , 7R 9 pH T Bl N TDTC X 2% & Cu 122 15 #83K 99.6% LA b, T ¢ v Al 478 48 7]
¥IHE 90% LLF .

#2 TDTC 5EMESBHEFERYRILL

Table 2 Comparison of heavy metal removal effect between TDTC and other sulfur-containing heavy metal chelation agents

EHEITLES CulEds Cuffi ¥R /(mg L) pH Eva)lliinigid FBRARI% SCHRACUR
DDTC EDTA-Cu 5 3.0 DDTC/Cu=5.4:1 30~35 [39]

DTMPAM EDTA-Cu 25 3.0 DTMPAM/Cu=9:1 65~70 [26]
DTC-S EDTA-Cu 5 9.0 DTC-S/Cu=6:1 85~90 [40]
TDTC EDTA-Cu 50 3.0~9.0 TDTC/Cu=6:1 >99.6 ABHFT

THACER R 5B, 1A Ccot T E 2 RNKR L . DDTC 5 DTC-S B T/ TE A
F, BEAFEHEEN 1, L DDTC A, SHIIE R CHyN,S,Cu HIZERUALEM, Hh C=S iy S
SIS 54, R E LS T, TDTC % DDTC “HiACRILH XN, 5 cu k4B E
TERMEREA A 2, BRT CuryLBr. A, A 2246 B Red b H & A A A F 5 7
FRAERERARTE K, BT T EBBCR . DIMPAM N4y THEAH, BEKEE LA EGRA, A
FEAR N KT TDTC 1B LT L BRF R 70% 247 o X 0] fE S H o 254 3L A1 X 23 (8] 7 LR B 5 4
JBEA, WA RSN, SEFHRAE . HILZ T, 14 TDTC 10 LR 2 4~ R ES
S5EA I, WEERES LS . 7£ TDTC 581 5 72 A 0F, 400 35w 6 0 AR 0 5
2 Cu L, X iy 2P AT
3 Z5ip

1) R = 2 U e A CS, R IE R, FEIREGE R T (V, - p/Vio=1:1) A B E 4 J& # 45 7 TDTC,
FEYIRIR E AR R FER . TDTC 40 F i & 24 iR E SR IE A , WA E 4B ENCR.

2) 7E pH 2 3.0~9.0. TDTC » 1 mmol-L'. PAM Jy 1 mg-L"'. S I [] K 3 min 09 557 F, 3 F
VIR TR B A SO mg L AU A Cu B, Cu £BRRiEFE] 99.6% LU I, %A7 Cu g TDTC A
bR, BB Cu BT i EEE/NT 02 mg L', £F& 7K TG G W i HE SR vh 3G T Cu 1 R BR 1B
BOR



3852

E7

BT

[

e
5

i LAARE

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

3) TDTC ff #2845 Cu T2l it 5 J5A 2 5 5e 2 “miAUREE S Cu B &, Kl iE &
Cu 728 g ME AT VE P T 25 55

% 3wk

NGAH W S W, HANAFIAH M. Removal of heavy metal ions from
wastewater by chemically modified plant wastes as adsorbents: A
review[J]. Bioresource Technology, 2008, 99: 3935-3948.

TR, AL, RO, SF RS R R K A SRR R ). 3R
BiRl# S HR, 2020, 43(S2): 184-187.

Wt i 2, L. 458 E 4R BRI BT g a bR
ML A HLRII]. fbFiE R, 2019, 31(8): 1187-1198.

SHAN C, Xu Z, ZHANG X L, et al. Efficient removal of EDTA-
complexed Cu(Il) by a combined Fe(Ill)/UV/alkaline precipitation
process: Performance and role of Fe(II)[J]. Chemosphere, 2018, 193:
1235-1242.

. 2RO ST G R R KA B R DFSEE R[1]. Tk /K AR S, 2015,
35(11): 14-17.

FU F L, WANG Q. Removal of heavy metal ions from wastewaters: A
review[J]. Journal of Environmental Management, 2011, 92: 407-418.
HU H M, LI X W, HUANG P W, et al. Efficient removal of copper
from wastewater by using mechanically activated calcium carbonate[J].
Journal of Environmental Management, 2017, 203: 1-7.

X4, XSE e, BERESR, A%, T4 I K /K U Ak B AYRIF ST HEJRED]. IR
k2, 2018, 37(9): 2016-2024.

LIU J, LUO X W, SUN Y Q, et al. Thallium pollution in China and
removal technologies for waters: A review[J]. Environment
International, 2019, 126: 771-790.

ABDOLALI A, NGO H H; GUO W S, et al. ‘Application of a
breakthrough biosorbent for removing heavy metals from synthetic and
real wastewaters in a lab-scale continuous fixed-bed column[J].
Bioresource Technology, 2017, 229: 78-87.

WEEE, M Wi, T2k, 45 CS-EGDE/Fe,0 BRI MR A /K T 42 J& 5
TR PR RE S AL ST [T]. BP9, 2019, 39(7): 2172-2181.
LIUQ M, LI' Y'Y, ,CHEN H F, et al. Superior adsorption capacity of
functionalised straw adsorbent for dyes and heavy-metal ions[J]. Journal
of Hazardous Materials, 2020, 382: 121040.

KAZEMINEZHAD I, MOSIVAND S. Elimination of copper and nickel
from wastewater by electrooxidation method[J]. Journal of Magnetism
and Magnetic Materials, 2017, 422: 84-92.

MA A, ABUSHAIKHA A, ALLEN S J, et al. Ton exchange
homogeneous surface diffusion modelling by binary site resin for the
removal of nickel ions from wastewater in fixed beds[J]. Chemical
Engineering Journal, 2019, 358: 1-10.

Wi, BOH, AT, 55 BTSSR IR b T A 8 JE R K BRI S HE R[],
WAL T, 2019, 48(7): 1675-1680.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

T, 20K, 2588, %%, UV/Fentonik Ab BEEDTA-Cu-Ni%s & % K [J].
WREE TR, 2016, 10(11): 6524-6528.

LI S L, WANG W, LIANG F P, et al. Heavy metal removal using
nanoscale zero-valent iron (nZVI): Theory and application[J]. Journal of
Hazardous Materials, 2017, 322: 163-171.

NGUYEN M K, TRAN V S, PHAM T T, et al. Fenton/ozone-based
oxidation and coagulation processes for removing metals (Cu, Ni)-
EDTA from plating wastewater[J]. Journal of Water Process
Engineering, 2021, 39: 101836.

TN, EERE, HT, S SR 0 WA AR AN mLSOK R i Cu® ).
FMERIEITFY, 2017, 30(6): 953-959.

DING X P, LI M, YANG W Z, et al. Experimental and theoretical
studies of sodium acetyldithiocarbamate for the removal of Cu*" and
Ni** from aqueous solution[J]. Journal of Colloid and Interface Science,
2020, 579: 330-339.

POHL A. Removal of heavy metal ions from water and wastewaters by
sulfur-containing precipitation agents[J]. Water Air and Soil Pollution,
2020, 231: 503.

LACHOWICZ J 1, DEPIANO G R, ZANDA D, et al. Adsorption of
Cu® and Zn** on SBA-15 mesoporous silica functionalized with
triethylenetetramine chelating agent[J]. Journal of Environmental
Chemical Engineering, 2019, 7: 103205.

I, X1, FXCE, 45, EEJR A A DTC-SCAL 5 Cu™™, Cd™Fl
Mn* K BIFFE[T]. AKALFEREEAR, 2015, 41(9): 46-48.

TR, 11, B, 45, AR TDDPHY & i Btk fE
MR2E2EHR(T 220, 2019, 40(3): 48-51.

T[] B

KIM T K, KIM T, CHOE W §, et al. Removal of heavy metals in
electroplating wastewater by powdered activated carbon (PAC) and
sodium  diethyldithiocarbamate-modified PAC[J].  Environmental
Engineering Research, 2018, 23(3): 301-308.

FIFE, R, 1R &5 HEJE 2B DTMPAMZ B K 1 Cu® Al
EDTA-CuftPERE([T]. BREERI244E, 2019, 39(12): 3985-3993.

CHEN H, ZHAO Y, YANG Q Y, et al. Preparation of poly-
ammonium/sodium dithiocarbamate for the efficient removal of chelated
heavy metal ions from aqueous environments[J]. Journal of
Environmental Chemical Engineering, 2018, 6: 2344-2354.

A TbK, JRIERLT, AR, A5 AR 4 R A RIRDTCRY W] K Ak 2
SRR K PERELT). FRBELAE, 2011, 30(8): 1390-1395.

BRRH, TAE(E. v B K i i IR BR 46 5 1 B9 58 S0- T WD 1 20
PRI, AL T4 BE, 2018(30): 182-183.

TOKUYAMA H, HISAEDA J, NII S, et al. Removal of heavy metal


http://dx.doi.org/10.1016/j.biortech.2007.06.011
http://dx.doi.org/10.1016/j.chemosphere.2017.10.119
http://dx.doi.org/10.11894/1005-829x.2015.35(11).014
http://dx.doi.org/10.7524/j.issn.0254-6108.2017110105
http://dx.doi.org/10.7524/j.issn.0254-6108.2017110105
http://dx.doi.org/10.1016/j.envint.2019.01.076
http://dx.doi.org/10.1016/j.envint.2019.01.076
http://dx.doi.org/10.1016/j.biortech.2017.01.016
http://dx.doi.org/10.1016/j.jhazmat.2019.121040
http://dx.doi.org/10.1016/j.jhazmat.2019.121040
http://dx.doi.org/10.1016/j.jmmm.2016.08.049
http://dx.doi.org/10.1016/j.jmmm.2016.08.049
http://dx.doi.org/10.1016/j.cej.2018.09.135
http://dx.doi.org/10.1016/j.cej.2018.09.135
http://dx.doi.org/10.3969/j.issn.1671-3206.2019.07.038
http://dx.doi.org/10.12030/j.cjee.201506160
http://dx.doi.org/10.1016/j.jhazmat.2016.01.032
http://dx.doi.org/10.1016/j.jhazmat.2016.01.032
http://dx.doi.org/10.1016/j.jwpe.2020.101836
http://dx.doi.org/10.1016/j.jwpe.2020.101836
http://dx.doi.org/10.1016/j.jcis.2020.06.074
http://dx.doi.org/10.1007/s11270-020-04863-w
http://dx.doi.org/10.1016/j.jece.2019.103205
http://dx.doi.org/10.1016/j.jece.2019.103205
http://dx.doi.org/10.4491/eer.2017.208
http://dx.doi.org/10.4491/eer.2017.208
http://dx.doi.org/10.1016/j.jece.2018.03.029
http://dx.doi.org/10.1016/j.jece.2018.03.029
http://dx.doi.org/10.3969/j.issn.1008-4800.2018.30.131
http://dx.doi.org/10.1016/j.biortech.2007.06.011
http://dx.doi.org/10.1016/j.chemosphere.2017.10.119
http://dx.doi.org/10.11894/1005-829x.2015.35(11).014
http://dx.doi.org/10.7524/j.issn.0254-6108.2017110105
http://dx.doi.org/10.7524/j.issn.0254-6108.2017110105
http://dx.doi.org/10.1016/j.envint.2019.01.076
http://dx.doi.org/10.1016/j.envint.2019.01.076
http://dx.doi.org/10.1016/j.biortech.2017.01.016
http://dx.doi.org/10.1016/j.jhazmat.2019.121040
http://dx.doi.org/10.1016/j.jhazmat.2019.121040
http://dx.doi.org/10.1016/j.jmmm.2016.08.049
http://dx.doi.org/10.1016/j.jmmm.2016.08.049
http://dx.doi.org/10.1016/j.cej.2018.09.135
http://dx.doi.org/10.1016/j.cej.2018.09.135
http://dx.doi.org/10.3969/j.issn.1671-3206.2019.07.038
http://dx.doi.org/10.12030/j.cjee.201506160
http://dx.doi.org/10.1016/j.jhazmat.2016.01.032
http://dx.doi.org/10.1016/j.jhazmat.2016.01.032
http://dx.doi.org/10.1016/j.jwpe.2020.101836
http://dx.doi.org/10.1016/j.jwpe.2020.101836
http://dx.doi.org/10.1016/j.jcis.2020.06.074
http://dx.doi.org/10.1007/s11270-020-04863-w
http://dx.doi.org/10.1016/j.jece.2019.103205
http://dx.doi.org/10.1016/j.jece.2019.103205
http://dx.doi.org/10.4491/eer.2017.208
http://dx.doi.org/10.4491/eer.2017.208
http://dx.doi.org/10.1016/j.jece.2018.03.029
http://dx.doi.org/10.1016/j.jece.2018.03.029
http://dx.doi.org/10.3969/j.issn.1008-4800.2018.30.131

512 Dy H&EE . R ACE B R AR TDTCR 2854 ) 25 BRPERE 3853

ions and humic acid from aqueous solutions by co-adsorption onto [36] GAO T T, YU J G, ZHOU Y, et al. The synthesis of graphene oxide

thermosensitive polymers[J]. Separation and Purification Technology, functionalized with dithiocarbamate group and its prominent

2010, 71: 83-88. performance on adsorption of lead ions[J]. Journal of the Taiwan
[31] XIANG B, FAN W, YI X W, et al. Dithiocarbamate-modified starch Institute of Chemical Engineers, 2017, 71: 426-432.

derivatives with high heavy metal adsorption performance[J].  [37] XUsrfE, RA%, 2585, 4. VU2 20 (o mA QY IR ) ) 4 B B Hoxot

Carbohydrate Polymers, 2016, 136: 30-37. LRI LBRMERED]. IEEREDISE, 2011, 24(3): 332-339.

[32] SHA X S, XIANG Z J, BIN L, et al. Preparation and physical [38] BAI L, HU H P, FU W, et al. Synthesis of a novel silica-supported

characteristics of resistant starch (type 4) in acetylated indica rice[J]. dithiocarbamate adsorbent and its properties for the removal of heavy
Food Chemistry, 2012, 134: 149-154. metal ions[J]. Journal of Hazardous Materials, 2011, 195: 261-275.
[33] #B52, IMESS. RSB MENGH 1 2 A e i L pF g ). b [39] XIAO X, YAN P F, YE M Y, et al Disodium N, N-bis-
Rk 22441, 2013, 42(3): 461-465. (dithiocarboxy)ethanediamine: Synthesis, performance, and mechanism
[34] waded, FEZE, BEKT. 2B -OR-SHE AUk 1 3Em it flifl of action toward trace ethylenediaminetetraacetic acid copper (II)[J].
FALHI). HEERlE, 2015, 36(6): 2314-2319. Environmental Science and Pollution Research, 2016, 23(19): 19696-
[35] SHAABAN A F, FADEL D A, MAHMOUD A A, et al. Synthesis and 19706.

characterization of dithiocarbamate chelating resin and its adsorption [40] FUH,LVXS, YANG Y P, et al. Removal of micro complex copper in

performance toward Hg(II), Cd(II) and Pb(II) by batch and fixed-bed aqueous solution with a dithiocarbamate compound[J]. Desalination and
column methods[J]. Journal of Environmental Chemical Engineering, Water Treatment, 2012, 39(1/2/3): 103-111.
2013, 1: 208-217. (AL S A5 2 il )
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Abstract Wastewater containing complex heavy metal in acid and low-concentration is difficult to be treated
effectively by traditional chemical precipitation. Triethylenetetramine and carbon disulfide were taken as raw
materials to prepare a heavy metal chelating agent of N, N-bis(2-mercaptoethyl) triethylene-tetramine (TDTC) in
a mixing solvent of ethylene glycol and deionized water. Fourier transform infrared spectra, scanning electron
microscopy and elemental analysis were used to characterize the structure of TDTC. The removal performance
and’ mechanism of TA-Cu(tartaric acid, TA), CA-Cu(citric acid, TA-Cu) and EDTA-Cu by TDTC were
discussed. The experimental results show that at pH of 3.0 to 9.0, TDTC dosage of 1 mmol-L™', reaction time of
3 min and PAM dosage of 1.0 mg-L™', over 99.6% Cu could be removed from a simulated wastewater
containing complex Cu with initial concentrations of 50 mg-L™". IR, XPS and SEM analysis on the chelate
precipitate showed that the chelating reaction occurred between TDTC and Cu. The competitive edge on Cu
cheating by TDTC could withdrew Cu from other complexing agents and led to the occurrence of insoluble
chelated precipitate. Thus, Cu could be efficiently removed from wastewater. This research can provide
theoretical guidance for removing heavy metal by heavy metal chelation in engineering practice.

Keywords heavy metal chelating agent; complex copper; chelate; removal mechanism
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