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Abstract: The solid waste based Portland cement clinker (SWCC) prepared by industrial solid wastes such as carbide
slag, red mud, and silica fume, were utilized to investigate the doping mechanism of sodium ions in the major clinker
phases. The results show that the main mineral phases of SWCC consist of 68.3% belite (B-C.S), 21.0%
brownmillerite (C4AF), 6.6% tricalcium aluminate (CsA), and a small amount of alite (C;S). When 8% desulfurized
gypsum is added to this clinker, the 28 d compressive strength reaches 16.7 MPa. Na ' is easily incorporated into
the iron-containing mineral phases of the clinker, preferentially substituting for Ca*", but exhibites limited solid

solubility in C.S, particularly in replacing Si*'

in C.S. Except for Si atoms, Na atoms form the same coordination
number as the host atoms (Al, Fe, Ca), inducing only localized structural distortions. These distortions are
manifested in the local bonding environment rather than in the overall crystal deformation.
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Table 1 Chemical compositions(by mass) of raw materials

Unit: %
Material Ca0 Fe,0, Si0o, ALO, Na,0 MgO S0, K,O L
Red mud 2.19 36.42 13.98 27.38 12.90 0.25 0.17 0.08 6.63
Carbide slag 92.11 0.30 4.12 1. 10 0.88 0.22 0.31 0.96
Silica fume 1.57 0.40 95.25 1.26 0.25 0.24 0.10 0. 37 0. 56
—— Calcite: 5.49% Goethite: 39.57% Tobscts]
—— Rutile: 1.76% Gibbsite: 3.42% Icalc[cts]
—— Hematite —— Behmite: 8.39%
—— Iback|ct
—— Quartz: 3.21% Sodalite: 11.80% e fets]
—— Anatase: 1.52% —— Ca(OH),
—— Lcalc]cts]
—— Lobs]cts]
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Fig.1 XRD patterns of raw materials
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Table 2 Chemical and mineral compositions(by mass) of SWCC

Unit: %

Chemical composition

Ca0 Fe,0, SiO, ALO, Na,0 MgO K,0 TiO,
62.10 11.08 17.17 6.09 0.88 0.60 0.03 1.29
Mineral composition
C,S B-C,S oa-C,S v-C,S C,A-C C,A-M C,AF Gysum
1.6 68.3 0.1 0.2 6.6 1.8 21.0 0.3
C:S-R:0% =
x Tobs 1.6 % R
C:S-T:0% 2] 7 7 "
o gél 68.3 % 2.1.2 BORH W) OSSR o A
0-C5S:0.1 % . . N
— biff rCS02% X SWCC HEATROIE HL A0 3 A3 BT, 2521
= 0, y : 1 “oo — EVTRNN S
Ry =4.8% CAMIS S0P 5 T . oS A (1) SR 20 AR
Gysum: 0.3 % NN . . . .
Lot K R B AR A 000 UL £ 1 3 B0 0 5
ericlase: U. o

20/(°)
4 SWCC T ¥ 2 Bl %2 & 53 Br

Fig.4 Quantitative analysis of mineral composition of SWCC

KBS K P AR P T8 A X% SWeC
PEATHE T 25 R B R WA Bk < CsS
30.36 %5 .C5S 39.35% .C4AF 20.90% .C3A 3.98% . 4K
I, SEBRBe R T P L (WL 2) B 35 25 57
BARRIH CaS & s BEARIM CoS C.AF Fl C5A 5 it 1
I X Rh 25 5 A2 P 4 [ R JRURMA R A 2 Fh
A F (JUHJE Na & 551k 2.9500 ) X SE 7R BT 1 1
AT T PR BB T2 MU TR R 5 8™
WA Z MR R . HARE B MR  Na 32 T B
FAEG W) AHIE Bt A2 v i BAARAE FHAIL AT 75 T A
G, 30T F A [ P R 7K 8 ORI A AR I 4 B

HAE G I AR BORL A B vh . 4545 EDS I XRD &
ST, T T S RGO A RSO (05 1.2) 322 R R
ERAH  ASRLINASORL (25 3. 4) M ERER TR ERAH . (2) kR ERAH
% T AP Fe'" Na' Ti" K S, 1. 24k n(Ca)/n(S)
G390 2.37 F12.30, )5 5 5 C,S AL, AT HE N C.S,
HAF B RN Ca ooF €0 0sA L 0sNag 10 Tio0S000S11150 400 22
B AP KB B B 2] C,S MR g # h , B8 M—O #
B/ R 1O D S R 2 R B AR AR D K Ca Jit
T 110 R FU) T A7 R A SR A A SRR AR, B
AR Na B F e Fa i o C,S fh ™5 SO, fE i [
B BORL AR B 25 T8 5K g AR L AR U CLS BB
AT B0 C.S 19 A2 ™, X 5 XRD 22 7 4r Hr 46 5% —
B AR T BB EBR W 4 S e TR T 2
SRR (3) BREB R ERAH B 1 Na" \Si* ) Ti &
PR PIARF BN Ca, s6F e050A L5 Nay 10 T03S102:05 6
B W 4 5 Tobias Hertel 4577 % 1 B £ 1K
Ca, g Fe, Al Tl SO 6 5 AL, AT FR Sk 2545 £k
RO SRR o (EATE R A S R A
m(Ca):m(Al) :m(Fe)hy156:61:59, Z) K 3:1: 1, 51%



512 @®mOs M

IR 95284

4t CAF (955 FE AN [, 33X AT BB J2 A1 ok B8 1~ 4 Ca”™
Jv i SR S50 o TR, 5 B0 A R Na oo & % Bk

O Kal Ca Kal

Si Kal

T C.S, R & B W AH X Na 8 7 A 55 7Y [
A

Ti Kal

[

Fe Kal Na Kal, 2

H ‘

50 pm

S Kal

(a) Element distribution

Ca 39.4
50 pm ¢
I C 6.4
Fe 4.1
Na 1.2
Al 1.1
Ti 0.5
Fe
6 8
50 pm
P Energy/keV
wi% Atl%

Element

Point 1 Point2 Point3 Point4 Point1 Point2 Point3 Point4
C 5.5 52 5.0 4.8 10.7 10.6 9.5 9.2

(o) 34.6 29.5 41.3 41.2 50.7 454 58.5 59.4
Na 1.0 1.0 2.0 1.5
Al 0.6 0.7 6.5 5.7
Si 10.6 12.4 24 2.0
S 0.3 0.4
Ca 25.1 28.5 15.8 154
Ti 03 03 02 04
Fe
O
C .
a Fe  Ppoint 1
A N oV _ _ _ Point2
NI RN P Point 3
Point 4
L L L L I}
0 2 4 6 8

Energy/keV

(b) Microstructure of clinker and element distribution
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Fig. 5 Analysis of micromorphology and composition elements of SWCC
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Fig. 6 SEM-EDS images of hydration products of SWC
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Table 3 Unit cell parameters and space group symmetry of C,S and C,AF

Type Spatial group  a/nm b/nm ¢/nm a/(%) B/C) y/()  Volume/nm®  Density/(g-cm °)
€8 P2,/n 0.551  0.676 0.932  90.00  94.49  90.00  0.34610 3.28
Optimized C,S P2,/n 0. 546 0.670 0.920 90. 00 95.14 90. 00 0.334 95 3.42
C4AFBO] Tbm2 0.558 0.146 0.537 90. 00 90. 00 90. 00 0.438 12 3.72
Optimized C,AF Tbm2 0. 540 1.437 0.520 89. 84 89.70 90. 46 0.403 13 4.00
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Table 4 Energy data of atomic and structure cell

Atomic

Atom  E,/eV Clinker phase o E,./eV
substitution
Na(g) —0.228 E. —254. 296
Allg)  —0.039 E,. —247.923
CAF

Calg) —0.026 Ee. —251. 361
Silg)  —0.827 E.. —246.916
Fe(g) —3.298 Ex* —205. 820
C,S E, —200. 626
Eq. —191.373

13.848

5.396

C,AF C.S
Mineral phase
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Fig. 8 Substitution energy of sodium atoms for other atoms
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Fig.9 Coordination structures of doping sodium and substituted atoms
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Fig. 10 Electron density differences of cationic sites and corresponding doped Na atoms in clinker phases
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