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Table 1 Chemical composition of coal gangue % (FTE540)
Sio, AlLO, Fe,0, Ca0 K,0 MgO Na,0 PbO Cu0 LOI
60.25 23.86 10.01 0.722 0.623 1.14 1.06 0.002 7 0.008 6 15.15

B & 7R P K BB VAW (&5 Na,0 10% ., SiO, 30% . 1%t M=3.32 ) 5411 96% S B AANE i i,

WK 1.4, VIRSERET (Pb(NO,), ) . flfRH] (Cu(NO,),.3H,0 ) A4 & 15545 F-AHRAIR .

1.2 L7k

H T RIRMEAT A7 T2 ARS8 B RESR AR W47
1e, —ARG SHMP A Y, FTASCE R
ST TR | G LAbEE, BI 200 HAE
EAMARTE 800 °C TEEE 2 h, HEIEATAEE.

e R [ LA 0.4 R &%) (12.65 ¢)
48 IE W ( Cu(NO,),'3H,0. Pb(NOy),)

(7.35g) SiHfbiErEaTa (50 g) R, IRE

E 3 min IFIEAEA 50 mm. 75 100 mm 1 H
M E A, PEREh & RSN 1 ming 7% IR e
2h )5, THERMEEAT 60 °C 3591 24 h, it/
FIRFEP 3. 7. 14, 28d, Sy AT A kb
FRAEY (idh GP, T . P> [EfkIE (idh
GP-Pb, F[HE) Cu* bR (idk GP-Cu, FA)
il Pb*", Cu* [ fbf& (id°h GP-Pb. Cu, F
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X — 4 [ AR IR R R
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& IR SR FH P R 25 DU K IE ARG, 40
B PO> AL i Cu? [ Pl i X REAT £ 56 SR 4 v
Po* iR, R NHERE 4 4K, BAASEn
% 3 FR,

FEEENHBHENSR (CREY LN
WEIR I EEE S 9] GB5085.3—2007) M, HirhiEk
WA TS IR AR i 2 i i
BRER TR HI/T299—2007 ) "2 3647, Ff-H 1CP-
OES M1z R rh B4 B B i . MRy
GB 5085.3—2007, =T, HEIRRE 08 S

Table 2 Single factor test parameters

*2 BEZAESH

% (i)

P’ Bk E Cu" BiR&
2.0 2.0
25 25
3.0 3.0
3.5 3.5
4.0 4.0

* 3 MERMKFIERSHRIT

Table 3 Two-factor four-level orthogonal

parameter design

% (A

P ALESES

IEAS IR
P [k Bt Cu* [ fl i
GP-1 2.0 2.0
GP-2 2.0 25
GP-3 2.0 3.0
GP-4 2.0 35
GP-5 25 2.0
GP-6 25 25
GP-7 2.5 3.0
GP-8 25 35
GP-9 3.0 2.0
GP-10 3.0 2.5
GP-11 3.0 3.0
GP-12 3.0 35
GP-13 35 2.0
GP-14 35 2.5
GP-15 35 3.0
GP-16 35 35
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100 mg-L™", PEY AT b BT A T Cu' %4 ELEENARBHIRN pH

P> AL RCR . FE 48 IR K 4R iR i Table 4 pH of heavy metal solidified body and

i pH {H W3 4. leaching solution

1.3 SthiEE Rk BMpH (EETA)  BillipH (FERRNE)
BrEfk 3. 7. 14, 28 d WURESME R T HEE Pb** 10~11 10~11

RIGHLTHURIRE, WAPURRE S0, et X

e (R Ve e b o B A 30 7 vk (1SO 1% ) GB/T
17671—1999) !, & J{] SEM-EDS. XRD X # it Sl WL 45 #4 73 #7 . i H] Materials Studio %K 441 H Y
Castep H R JEF T2 £ V2 PRIT ( DFT) , “KH GGA-PBE ( perdew-burke-ernzerh of generalized gradient
approximation ) PRECVEASCHRICHRMREL, TET-HBARMIRE 330 eV 5504 T X HIFT R SR AFA S A& #1 T IL
falfffb. JUMMEAR A BFGS ikt Weslbrife: R Fa KA 2.0x107 nm, JEFEIFEHT 0.5 eV-am™,
JEFHINN ] 0.1 GPa, {AFRERERAE(L 2.0x107° eV-atom ',

2 HR5TH

2.1 B— WhEELAMESEELIFRH ST

wE 1, 2 Bk, GP-Pb, GP-Cu HYE 4@ R H vk s B b i i3 in B, = Po* [ fb s
3.5% (JF/ 8 ) i, Po* ELIAE SRR Rk A 4.99me-L ', BMIET (FEREYERIbRfE =
Y% 5] GB 5085.3—2007) "1 it 5 mg L™ {3 H B R (E, kAR E] 4.0% (JFE4EL) B, GP-
Pb HAEEIR RSN 7.82 mg- L', #BHEZFHERHE, H BRI 5 SCRiCA i E A R,
& Cu” Bk 4.0% (FiasrE) i, GP-Cu EAEIRHREIRE N 17.4 mg L', KT (SEREYERIbriE
2 FEYI5 GB 5085.3—2007) H1 100 mg-L™" AR i A . AL, AT A e R S90%F Po Y
BRECREN/NT 3.5% (FRma%) 5 5 Cu BA B RE RN/ NT 4.0% (Fiasrgo) o gk 1, 2, H
IRIZEIRI, FEMT A S SR o — 4 A A, ZEAR TR B R B L R Cu R
HFZ e TR T A bR Y 4R I R S H IR IR R N pH 5. AR pH T, Pb* . Cu™' i
IR . HAJRFALRAR B pHAEN 10~11, BEAF Co* T8 LRI A s T RS,
Pb> ML Pb(OH), AEM, FEREIART IR A BRI AE 7 R B R TEAMYINE, PR &Y%
Po> EfbARRE LT Cu™'s

100.00%

81 B 1 99959 ii ! B R 7 1999%
=7t oo ~ l6r - [E{L% 499.8%
fo Z- 1 99-90% 214t % 199.79%
£ 199.85% g 12t / 199.6% |,
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H; 3: 199.75% gf\ﬂ 8 % % 199.4%
> ) 1 99.70% § j' % % 499.3%
“or % 1 99.65% <t / | 02%

(1) o % | ” % 1 99.60% 2 8 % % ’%//j 199.1%

20%  25% - 30%  35%  4.0% 20%  25%  30%  3.5%  4.0%
Po* [l fb i (BT 5340 Cu [ fbid (B sr40)

E1 FEEWEESEEKAS Pr*BHRERENE B2 FREEHEESRELEF CoREREKE

Fig. 1 Leaching concentration of Pb*" and curing rate in heavyFig. 2 Leaching concentration and curing rate of Cu*" in heavy
metal solidified bodies with different curing amounts metal solidified bodies with different curing amounts
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Fig.3 Pb*" leaching concentration and curing rate of heavy
metal solidified bodies
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Table 5 Range analysis of Pb®" curing rate

P A 1%

TKFEL

Pb* ki Cu” [kt
1 99.727 99.698
2 99.525 99.632
3 99.516 99.493
4 99.415 99.359
W 2R 0.311 0.338

YU /MPa

3Id 7Id 14' d 2§ d
Feprta)/d
E4 ARFFFAEREEYRESBEAEEE

Fig. 4 Compressive strength of geopolymer and heavy metal

solidified bodies for different curing times

GP-Pb. GP-Cu #1 GP-Pb. Cu HIFEHUEIREELIRT 30 MPa, iIHE 48 B LA EA RIFAPuRmmE, 1t
PRRUFVE SR AR 3 2 5 MPa Al 10 MPa, [Hlitt, GP. GP-Pb. GP-Cu #1 GP-Pb., Cu 0] Jfj F1H

SRR

AT PR T A S R Y, b S — sk PR 4 B T A b SR Hp Ui B 1 ph — e R T R,
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GP-Pb. Cu, HFHEIREESMAIK 76, 64, 42, 37 MPa, #CoA BT A L B 4T Hesm 43 B R B 15.7% .
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AR 22 AR, MR S AR Hh < 2 A A SCRAT 3 8 T PR T g XA
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MR G S T R SR TSR A
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FE s al A, AR, hEIEL AN E 4R 0 Q: Ak z: WA
BRI . B — e R E AR S SR T o | Ko WA A: SHEERELD 1)
R R EYKIEZER AR, P Cu’ i AT z . Q GP-Pb. Cu
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Wi/, GP-Pb. Cu [l Sl Wl i /)N, BEIA solidified body

Pb>" . Cu™ W5 | ABER T HUBT R S IS5, ST G S DA ok b, Sz IR 2 X002 i i e b 3R [
AR5 BRI S 4 IR R B TR o BE P Cu IS ATES 4R ERIRR) XRD Kl
FFEIA T PbO. CuO MEMYIMIRTHIE I, RS Pb™ . Cu™ #EARIHR G imtsdhitart, 2
Db S e B R R AN, 5 EL-ESWED 2P0 BF5E 45 A, E4)R B Flma Ut R &
Y EIHE T, A RERA I E AT [y BRSNS, 5 GP ML, GP-Pb, GP-
Cu 1 GP-Pb. Cu ¥l &4 T ARIFLEE 194784, XRD fiit M\ 26.61 3] 26.70, GP-Pb. GP-Cu Fl GP-
Pb. Cu K&/ 5IEE T 0.05, 0.01, 0.03. %R AN THESBEE FHSIAN, fi4eEET
BURT GP fg B R, FEIREIAL . 5 RS Fass= . I Origin SRA4% i lestEA 7 il
5T XRD 445k GP. GP-Pb. GP-Cu FIGP-Pb. Cu fIS &R 0.578 4. 0.577 8. 0.577 5.
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HFR AW S >
24 B— HhERECHEMESEELA SEM-EDS XtEEIHES T

HE 6 nTAl, 285 28 dFRY, JATA R SV R EREIRER B, B ALRA RN, A RUER

(a) GP (b) GP-Pb (c) GP-Cu (d) GP-Pb, Cu

Ele 28dETAEMRREYMLESRBEFEILE SEM [E
Fig. 6 SEM images of 28 d coal gangue base polymer and heavy metal ion solidified body
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AR YERL PO Cul i R B Fig. 7 Pb and Cu element surface distribution of two kinds of
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0 2 4 6 8 10 12 0 2 4 6 8 10 12
Hitrheev 4hiaheeV

(a) GP-Pb (b) GP-Cu
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4hiftrhtleV
(c) GP-Pb. Cu
E8 28d%—. WEELRMESREELE EDS E
Fig. 8 EDS diagram of two kinds of heavy metal cured by single and collaborative curing on 28 d
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[ AAAEEURSES T8, J6F DFT #ie, i MS #F, JFRARE SR S TAEHUTUR S5 s
FFHE RIS . 8 A A I SR BRE, IR & B TR R A W h i e+ HU Oy
AP, EI-ESWED 4% A HHE RGP B AT SEG, Na iR ERE BER N, 4558%M, E4E
DIBACHL R G0 ) Na" U4EREb R S0 L T . RASAKI 552 R 4 @ik vl IS HARKE F
PR K TR FAcHh, R, Ve AR I I CHb R G4 Na™, K A,

1) hRIE R h 2R E S R e A R Ee T WP e e, AEERIEA AR, SRS
MESE TR B BREE TR R O TR IERST AR B U T REME, BIA
a2 AT DT, N T B E A ER A EA RS, Hume-Rothery #2118 TGN AFY, 0T E 4B BUL
MR AT ETIEE . Bk, AusEs s AZ 25 HT D (WX (1)) il Hume-Rothery #1725
N A (W (), FEMRESE SRS HUCR T et R e ) .
ZAx(R,—R)

OS ‘ R, ‘ M
K ZRWAFRETFHEM; ACHARSISEE TSN TR G WS PRtz 22, R, AN IR S YE
FIE LR R AARSMSEE TR,

r—nr

Ar = (@)

r
A r OHIBUR S YIE THEAR: o WIMRES THYEAR.

Ar<15%, ARG B ARG Z 8] UE BOESEEA, 15%<Ar<30%, AIMRE 4 BT
HTUR S Z 18 AT LB A FRESERAR, 30%<Ar, SMRES RS T FIHTUER SY Z [ARMESCA BEIE iU 2L
A A MG 6 BB A, TR P,

Cu* SRR ST T Ar F D, ®6 BTERSHY

i & 9(a) A, PO ES FLER R Nat, K* Table 6 Basic parameters of ions
MBS A S I, & 9(b) KB Pb*' 5 Na' BT B TFA2/pm L B P
B ERERA TR 25.3% AT 15%~30%, Na* o5 0.93
KB FER2ERH L 10.5% /INT 15%, J&T - 133 0.82
AT IE R EVRIATER], 4208 Hume-Rothery Z555FH gi* 4 1.98
WHES:, Po™ AT BRI TR G P B R A 5 L6l

A K'>Na™>AP™>Si*"; Cu®'i 5 T 45t i Si*, .
AP B FAM TR BEE, Cu's SiY . APTIE w o >3
FRBLEF AN 75.6%., 44%, KT Cu 72 1.90
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Fig. 9 D values and Ar values of different heavy metal ions and geopolymer ions
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SR AR AL FRARR, PUAE—EURAIS, S0 50% BUY, MR TAPIRMBUCALE, S—mhr, 52
P 25% BUY, 55507, S2EE 509% BUR. EAENFH KNajAl,Si,,(HO,), B iR LSt g Tk, 7Eat

fifi b, A PO IR KL POM U — 6L Na® . P> SR —fifi Na', Co BURHS— iz Na' . Cu®'Ji
PRER AL Na', 3 5 B ALE R

@0 ®K @ Pb
o Si ®Na ®Cu
@ Al OH

/Ke:; “e o Eo\

© @

(a) HUPUR A

e.o.D\ e...c\ e...o\ Y...c\ ‘...0\

° ° ° ° °
(b) P> HLALK () PO U AR —ifiNa®  (d) PO RS —iifiNa™ () Cu R —sifiiNa® () Cu LSS — mifiiNa
10 HWERBEVMREERE FIERENENRE
Fig. 10 Geopolymer and heavy metal ion doped crystal structure model
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Table 7 The cell parameters, cell volume and defect formation energy of polymer and heavy metal
solidified bodies after substitution

i A i Al £ mE AR BREEIE AR
LN

a b c o § Y A3 eV

GP 1038 9.00 2150  99.00 11441  90.00 183024 —
GP(INa)-Cu' 1038 9.0 2150  90.00 9428  90.00 1830.24 —0.050 7
GP(INa)-Pb' 1038 9.00 21.50  90.00 9428  90.00 1830.24 ~0.1052
GP(2Na)-Cu' 1038  9.00 2150  90.00 9428  90.00 1830.24 =0.097 2
GP(2Na)-Pb" 1038  9.00 21.50  90.00 9428  90.00 1830.24 =0.083 2
GP(K)-Pb'" 1038 9.00  21.50  90.00  94.28  90.00 1.830.24 —0.069 7

7: GP(INa)-Cu': Cu*BUUCHLTR AW M EE—0 5 AYNa"; GP(1Na)-Pb' . Pb? B G B 5
EW) IS — AL Na s GP(2Na)-Cu' : Cu> WS b 5T 58 &4 M Hh4E = 5 i Na' s GP(2Na)-
Pb': PO*HCHLBR R A M S A5 ANa"; GP(K)-Pb" . PO> BURHIG B AW i YK,

BB/ IR TZBI AT U EZ RS, ATHDRERAE 48 & FAEAFBUR =X P2 R

Pb* . Cu™HEAFIMIFTR G (KNajAl,Siy,(HOy),) iR Na* . K* itz (i RE s o, BITCHSHT
JNAER, Pb* . Cu® BRI SE Rt A Nat | KBt

XF T4 25 Na*, Po> B IATE A #-0.105 2 eV, Cu HIEATE K AE #-0.050 7 eV, X L5
PO> IEACREI] /N T Cu>. 5 POX AL, BT Cu a2, Witk MR T4 55—
Na' tHZE KK, BT R A IR & FRAs SR, T B s KBk 2349 cu. M,
A ARTFEA Cu B REE—7 s Na U TR RTR R B S AZSHIMAE , PO> L Cu® R G AMBUR AW Ak Zh
FNERIURES— A7 N, E4JE B T —fs Na BYRiF: Pb*>Cu®",

YT 45 — 4 5 Na*, Po> [ ERFGEIE BBE #1-0.083 2 eV, Cu® fERFEIELAE }—0.097 2 eV, X L EHE
Cu” HUREE/NT Pb* . 5 Cu MLk, M T PO> 7 48, MGk, MASRFEH 55 015 Na' k2
KK, B R AR TR B TR, TR RBUE RN P>, Ik, SRR
h PO HURES A7 4 Na U TR RFR R B A ARZEHIEL S, Cu HE PO 25 5 it AT SR 5 W) AR5 A4 PR L
RS 5L Na*, 4R B P A8 Na U . Cu*>Pb™ . XFF K Aif, Pb> BYSLFETE BRE>
—0.069 7 eV, Po> Il SERT A KBRS 28 A, SB—MERE LR EN: P> b Cu” RS HEA
Hi TR AW AR SE R PR BUC S — S Na', B4R B FX 88— 08 Na BURUIF . Pb*>Cu®; Cu®' b
P> T 75 5 3#E A Hb 5 B i AR 5 M N B PR 45 — A Na®, B4 8 B8 X 45 — 07 a5 Na BRI
Cu”>Pb™; Pb™ #EHITERG Y AnIARLE N ERIUR Ko

4) EEEEFEMTERAYPBUYIIE, p—EbRE SRR, B4EE PR a3 FR A+
FTRERYIRAT R o 4L PO R, XF3E— a5 Na' YBIETE BIEE -0.105 2 eV XF55 a5 Na' iBiiGIE iiaE
N—0.083 2 eV X K BRIATE iLfEN-0.069 7 eV, feE¥y N, RIFEMEfbidfrh, JoFHHmbe s,
P> ] SE RO R RE Na™ . KEAYE R, Z00 1 S R AT A B TR A% P> A BRI LR, 125
ERERAR . BUAT LA 11(a). [Efk Cu®if, XFEE— S Na BISEETE REE —0.050 7 eV 28 —i5fu
Na' fELE T EH—0.097 2 eV; BRI N,
RIFEfE it ferp . TRt ngeE:, Cu® Skn] SEaext
AR Na B, 2200 b R A R T e 2R >°\

@0 oK ®Pb OSi ® Na OCu @Al OH
HWXF Cur 1 RAFREAG R, 3= v AR
% AT WL 11(b). o &
PrEEE PO™ . Cu* B, T4 S BT Eht (@) P> I ENa" . K (b) Cu [ ENar
A SR G R R REEA T AT R s, R 11 B—EHESERKITA
SR E T — 5 Na ByBY Il . Pb*>Cu?', Fig. 11  Single-cured heavy metal substitution behavior
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Fig. 12 Co-curing Pb** and Cu*' substitution behavior
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Study on curing effect of two heavy metal ions with coal gangue base polymer
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Abstract In view of the large number of industrial waste coal gangue and severe heavy metal pollution
problems, coal gangue is used as raw material to prepare geopolymers, and the geopolymer zeolite structure is
used to solidify heavy metal ions in its gel system, so as to achieve the purpose of "treating waste with waste".
The optimal curing amount of two heavy metals was obtained by single factor and orthogonal test, and the
solidified body of heavy metals was characterized by XRD and SEM-EDS, and the differences and mechanisms
of the curing processes of the two heavy metals were discussed. The results’ showed that the leaching
concentrations of Pb*" and Cu®" in the heavy metal solidified bodies cured by co-curing Pb*" and Cu*" were
higher than those of single solidified Pb’>" and Cu®*". XRD, SEM-EDS and other analyses showed that heavy
metals participated in the formation of geopolymer structures during the curing process, and the lattice
substitution of heavy metals changed the local crystal structure of geopolymers. Computer simulations show that
the leaching concentrations of Pb** and Cu®* increase when the two heavy metals are solidified at the same time
due to the competition of Pb** and Cu*" for Na" and K" binding sites in the geopolymer structure. It provides
guidance for the resource utilization of coal gangue and the solidification of heavy metals

Keywords geopolymer; heavy metal ions; lattice substitution; substitution competition; density functional
theory
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