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Influence of NaAlO; on Hydration and Property of Mussel Shell-Based Carbonaluminate
Cementitious Materials
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Abstract: Ocean is a largest carbon reservoir in the Earth, and the total production of marine shellfish in China is huge. Most of
shellfish only utilizes their edible value, and shells are randomly stacked or buried as a solid waste. To improve the utilization rate of
shellfish waste, the effect of NaAlO, on the hydration process, solid-liquid phase composition, pore structure and mechanical property
of the shell powder-calcium aluminate cementitious system was investigated. The results show that NaAlO, enables accelerating the
hydration process, shortening the setting time, and slightly improving the compactness and mechanical properties of the hardened
matrix. NaAlO, affects the solid-liquid phase composition. Adding NaAlO, increases the alkalinity of the pore solution and improves
the reactivity of CaCOs, leading such a cementitious system to the formation of a stable phase (i.e., monocarboaluminate (C;AcH;,))
with a reduced amount of the unstable phase (i.e., calcium aluminate hydrate (CAH,g)). The samples with 3.75%0 and 5.00%o of
NaAlO, produce 13.0% and 13.6% of C4AcH;;, respectively, and no CAH;, phase occurs after cured for 28 d. The crystallite size of
the microcrystalline AH; phase grows, which compromises the cementitious property because NaAlO, increases the alkalinity. The
excessive NaAlO, leads to a decreased mechanical property. Mussel shell-based carbonaluminate cementitions materials hold promise
in marine civil engineering construction.
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Fig. 1 Basic information of shell powder
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(a) XRD pattern (b) *’ Al MAS-NMR spectrum

(c) Particle size distribution

(d) SEM micrograph

2 IR RKEEAE R

Fig. 2 Basic information of calcium aluminate powder

®1 REMBMLFERSER

Table 1 Chemical composition of raw materials W/%
Raw material CaO Al,O3 SiO, TiO, Fe, O3 MgO K,O Na,O P,0s5 LOI
Shell powder 51.74 0.07 0.09 0.01 0.01 0.06 0.01 0.32 0.02 47.48
Calcium aluminate
33.58 61.26 2.32 0.98 0.61 0.43 0.18 0.07 0.08 0.03
powder
W is mass fraction.
x2 FEMRUIHEER
Table 2 Phase composition of raw materials w/%
Raw material Aragonite Calcite Amorphous phase CA CA, C,AS
Shell powder 90.69 4.11 5.20
Calcium aluminate powder 9.46 69.52 5.54 15.48
R3 REMHESE
Table 3 Mix proportions of the cementitious materials
Mix proportions (W/%) Mass fraction ) )
Group Water/binder ratio
SP CAP NA/binder DA/binder SP/binder
M1 60 40 0 3.0%o 2.5%o 0.26
M2 60 40 1.25%o 3.0%o 2.5%o 0.26
M3 60 40 2.50%o0 3.0%0 2.5%0 0.26
M4 60 40 3.75%0 3.0%0 2.5%0 0.26
M5 60 40 5.00%o 3.0%o0 2.5%0 0.26

Notes: SP: Shell powder; CAP: Calcium aluminate powder; binder: SP and CAP; NA: NaAlO,; DA: Defoaming agent; SP: Superplasticizer.
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(a) Heat release rate

(b) Reaction heat

K3 MI~MS5 405 &t 26
Fig. 3 Isothermal calorimetry curves of groups M1-M5
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Fig. 4 Setting time of groups M1-M5
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Fig. 8 SEM image and EDS spectra on spots of M1 cured for 28 d
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(a) SEM image (b) EDS spectrum of spot 1

(c) EDS spectrum of spot 2 (d) EDS spectrum of spot 3

B9 M3 7% 28d I SEM EEAI EDS sidd B itk
Fig. 9 SEM image and EDS spectra on spots of M3 cured for 28 d

(a) SEM image (b) EDS spectrum of spot 1
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Fig. 10 SEM image and EDS spectra on spots of M5 cured for 28 d
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N T A M1~MS5 25

A& AR AI(OH);,

(b) EDS map (c¢) Ca/(CatAl)-cumulative pixel number percentage plot
Bl 11 M1 7247 28d B (¥) BSE B EDS 45 #7
Fig. 11 BSE image and EDS map analysis of M1 cured for 28 d

(b) EDS map (c) Ca/(Ca+tAl) cumulative pixel number percentage plot

12 M3 729" 28 d i} ) BSE B4 A1 EDS [H45 43 H1
Fig. 12 BSE image and EDS map analysis of M3 cured for 28 d

(b) EDS map (c) Ca/(CatAl) cumulative pixel number percentage plot

13 MS &4 28 d i f¥) BSE %A1 EDS i35
Fig. 13 BSE image and EDS map analysis of M5 cured for 28 d

8 NMR 2341 7k FE 7 AL (RO RRAE . 7E7K 6
SRR WARAH 27 Al MAS-NMR 1, AI(IV).
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Al(V) AIVD L2228 43 AIAE 50~90, 20~50, 0~2
ZEHO el 14 BT, M1 5 M5 7E 10.88 4bik
PRAE SN R AL(VI). Cuesta Z557F1 Chen 2514115
KL, AEMAHTLE AOH); FLHRIE S 7E 20~40 2
6], Hol 5 BRI AL RT, M1 5 M5 7E 20~50
Z AR B BAER(E 5. BT E, M1 5 MS A4S
JEfmAHTY Al(OH)s.

R M1~M5 4 AH; A SE SRS, SR
FEREAT T TEM 208, 48R 15~ 18 fror. {E
6 X HL 7T B ST (SAED) Y, R R B A
BE, AREAMNAR e RCS 2 | 150 SR
MRTH 2B, 454 15 e R LpI %1, H 2
(2 B R4S SRS CaCOs(R B TR
X5 Meng SRS B0 B 16a H1 5 1 4
Ca 5 AlJETEE N 2.01:1.00, 454 & 16b H 2K A
BB E] A, Ho M5 d AR R CaAcH

wE 17, B 18 Fril, AH; MMATHERS
CaCOs. CsAcH | ANFl, H I AT 5 % 2 40 A

(a) TEM image

(b) SAED image

TEPOEF ERRAE, 1X3R Y] AH; A EEAN 55,
AN AR A, TR AT — R dh PR SE A s A -
XA EAT RO RFIER) AH MIBAFET CSA W, &
& CSA Hh it BB,

14 M1 5 M5 374" 28 d It () ¥ Al MAS-NMR %
Fig. 14 ?’Al MAS-NMR spectra of M1 and M5 cured for 28 d

(¢) EDS spectrum of spot 1

Kl 15 M5 H CaCO; i) TEM 73047
Fig. 15 TEM analysis on CaCO; in M5

(a) TEM image

(b) SAED image

(¢) EDS spectrum of spot 1

Kl 16 M5 H C4AcH;, 1 TEM 434t
Fig. 16 TEM analysis on C4;AcH;; in M5
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(a) TEM image

(b) SAED image

(c) EDS spectrum of spot 1

B 17 ML ' AH; A/ TEM 4347
Fig. 17 TEM analysis on AH; phase in M1

(a) TEM image

(b) SAED image

(c) EDS spectrum of spot 1

B 18 MS ' AH; A TEM 4347
Fig. 18 TEM analysis on AH; phase in M5

T AR B BN R RS o AR SR
2 PhOTIEVHE 5 AEAMORL R AHS AR SRR
1) f#H EVA #4, 3T Scherrer x24T0 HT,
T A EEIX A 18.00~19.5°F0 19.5°~21.0°; 2) f#
Fl TOPAS #F, 3T Rietveld J7iJkAT 58 X 45
(18°~21°) A TH 5 o

Scherrer 2A=1 T Fr:

D=KA/fcosd %)
A D AFHERRS, A8 nm; K ATEE

Scherrer %0, HUN 0.89; 2 A X Bk p ke
Al AT S T B, T AT AR IE A 2% K F(Cu
KB IE, 546 NIRE (rad); 6 N Bragg fiTht 1,
BALA(®)o

fd H TOPAS AT, FTARUHGIESCAF B R AR
B AESE B eSS TRIZ. & 5P T EVA
B AR, BUIE H TOPAS Bttt
TR F BRI (LvoLas)~ F T2 T i 28 5 FE AN
TR LSRR LvoLrwina) 13- 2 TR RL RS

&5 MI~MS5 747 28d B AH; A RRLR T
Table S Crystallite size of AH; phase in groups M1-MS5 cured for 28 d

Crystal size/nm

Calculation method Angular range

Ml M2 M3 M4 M5
Scherrer method (EVA) 18.0°-19.5° 12.0 12.3 132 16.1 19.5
Scherrer method (EVA) 19.5°-21.0° 12.5 12.6 13.8 16.8 20.3
Lvor-s (TOPAS) 18.0°-21.0° 11.5 11.7 12.5 15.1 18.9
Lvor-rwim (TOPAS) 18.0°-21.0° 10.9 11.0 12.1 14.5 18.6

JUR TG 245 20 8 SR RCHEBONE . M
AH; A BIF 2 ok RO 2908 11 nm, 1T M5 S
AR RST 2008 19 nm. 24 NaAlO, B & H 0 M1)iZ

T3 5%0 (MS), FEARBREESG In, AH; AH &R
SPH K. Zhang Z5URAE CSA T AH; AN R I,
BE%E pH ETFE, AH; MR R FIZBI K., A
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BRI S AH; FHES CSA H 1) AH; FHZSAL,
AR RS 4 vl TR T i AR oK 228,
2.4 EAELER

B 19 Bon 1 5 HikFE LA+ Cay Al Na
TEERIKIE, CO™ B TR ¥ LK pH {4 - B NaAlO,
BEH O MDA 5% (M5), FLIEW T Na ikEE
5 pH E¥Z W Tt m . FE, NaAlO, {2 # |
CsAcH), & it i, FEILEMF Cas AlL CO5™
(1 Ji P AIK - Manninger 2525 H Li,CO; 23 CA
KA CyAcH ) I, W FLIE R Cas Al
CO5> FRIVR BE A T % B 26 (R I LiCO5) . Zhou Z514)
KI, £ OPC HIBAGIK ALO; el A
(CagAly(SO4)3(OH),,-26H,0, AF)AE K. 7E LI B,
FLIEWH Ca. Al. SOL” MR BT X TR AL
YK ALO;). 1E OPC R Z M, E5HLA HH B AR I iz
T B B KA B AR FR 5 (Cag Aly(SO4)(OH) 12 6H,0,

(a) Concentration of Ca, Al, Na

AFm)FIHAD AFm A, Ft, Sk R K&
BEAUTENT N, FLIETTH Ca. ALl SO ik
JES K. FIFEHL, TEARMRART, CiAcH) MIKRE
BUZALT CAH ™, CiAcH), I KETTTES 5L
W Cay Al. COS> TRIRFE TR,

CAHo 5 C4AcHy, #JE T E RN &R E A b
YI(LDH). 7E/KEARRT, ENTHBERIE AFm ¥
HH, 1H C4AcHy, TEIR . W8 AR LI 14k 5 4 5 1k
T CAH % h4h, CiAcH,, 7E B v b i B
EVEI S, Padilla-Encinas 25975 97 CSA #ukl
TEA [F) B B 0 P R K AL RR TR R B, CAH, BE
15 2 M K I A2 i, B T R T T
B, CAHy WIEVER 2] . SR1M, CsAcH,, BETE
8 mol/L (1] NaOH ¥ i 45 s b t o IRtk AR Sz
N NaAlO, B BT CiAcH) &5, HAR T
CAH o A o

(b) pH and concentration of CO3>

Bl 19 MI~MS 234 28 d B FLIE T Ca, Al, Na, CO5™ <% % pH 14
Fig. 19 Concentrations of Ca, Al, Na, CO;*" and pH value in pore solutions of groups M1-M5 cured for 28 d

I CINAF 0 FLIE R P A A R, AR e ]
FHAE SEI R RI FE R 25, AT AT e AT T R 1) T
fRIEAEVTIE . R 6 FAIH T JUF & 8290 AH S R R
MEFTRER, IR ECWIAHIY S AR RAOC . MR FEFR 3L
(o) an ™ A Xt

Is=1g(1ap/Kso) (6)

s Lap NEBHIESFIEEEAR: Kso NYIAH B
FEAR . B FIE BE A B IR BE IR b B IR FE R (),
Horr, y TR 0 Debye-Hiickel 77 F2 %,
LAY R AR T 0, MIFRR BT ISR
FURES, B TUE i &/ T 0, NRHEL
TRBAVIRES, e TR

F*6 ATHERERNBEMRR RS

Table 6 Dissolution reactions used to calculate solubility products

[46, 49]

Phase Dissolution reaction 1gKso
CAH,y CaAl,(OH)s'6H,0—Ca*+2Al10, +10H,0 -7.50
Cs4AcH); CayAly(CO3)(OH) - 5H,0—4Ca> +2A10, +CO5> +40H + 9H,0 -31.47
C4AcosHio CasAlL(CO3)o5(OH)13-5.5H,0—4Ca* +2A10,+0.5C05* +50H +9.5H,0 -29.14
C,AHg CayAly(OH), 9-3H,0—2Ca* " +2A10, +20H +7H,0 -13.56
C;AHs CazAly(OH);,—3Ca>"+2A10, +40H +4H,0 —-20.50

AHj3 Al(OH);+OH —AIO, +2H,0 —0.67
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WK 20 FioR, 7E354 28 d J5, CAH, HIH L
IR REFEEEE M1 2] M5 IZE/N, M1 5 M2 R
fERT 0, RXULH] CAH o &b T A T IE FPIRE .
F| M3~M5 i}, CAH, A S A FE R 5035/ T 0.
By, CAH o ANRELE [BIAH AR E AAAE, ) TSR
FHF CoAcH; HIARBMEFREIIKT 0, K
CsAcH AT BALRAS, T UiiEdT i, 1IX 5 XRD
MHAZE R —32, HUHE N NaAlO, i C4AcH],
ghidntir i, RIS BRI CAHo AR iR

B20 A MI~MS 21759 28 d B AT R T A0 2 48K AL 7=
VIR R 4R %
Fig. 20 Calculated effective saturation indexes of Al-bearing
hydrates that may be formed in groups M1-M5 cured
for 28d

FEAMZ T, CiAcosHinw CrAHg M2 C3AH, A
AR/ 0, 31X 3 NMIAHIS RN AR AT
RE, B TE. W ERCE ThrfER =R
¥, RWMEEF] CAHyo ] C,AHg 5 C3AH, #£16(E 5).
Matschei F1 Glasser®™ 53 ¥ C4AcH ;5 CyAcosH o 1
Prii 6 I, BN CO, 5 ALO; BE/REL
AT 0.5 B, HEARFAER CiAcosHis HEL{ETE
0.5~1.0 FJYEHI, RN &4 CsAcH 5 CsAcysH s
HEES T Lo K, WAL CiAcH . BIR 1 5&
2 WAL JFRECEE T CO, 5 ALO; BEREAE & T
1.0. Bk, AREER R WA T4 CsAcH, T
CsAcosHp 2 T RIBARE

%2 Lothenbach Z*17E CaO-A1,0:-H,0 1k £
IKA = e P AT R BIT 72 R, KB AH A
lgKso THIUA-0.67, Mt m T =/KiEA% Al(OH);
f-1.12, [HIbflih AHs A3 Gibbsite F2E. 1]
20 ffiaw, 5 A AH; AHIA B EESR BT 0,
XK AH; AL T ALRAS, Em TUiiE. KiE
PESEPIRIT CSA i AH; MITEA K NaOH ¥

R AR I I, VA pHAE H 11.95 EF+% 12.91
BF, B8R AH; FHBERS B ARAE, (AR R ST 1B 1 K
MYSVR pH {1 12.91 464 ETRRF, 05 AHs HEAS
RefSEAEAE, FARMIA T4 B Gibbsite. ANSZIGH,
BEE 5%0NaAlO, 135 N, FLIE W pH {8 HH M1 1] 11.49
TR M5 ) 11.95. fsh AH; FHEERSEFAE T
11.49~11.95 [ pH {EEFE Py, (HIL SRR &b
pH RT3 K
2.5 FlLEMShEMEE

K21 Ay 5 ik kE IR 28 d I (1) MIP Ml 45 5
B ALBR % BB L FE FL(<20 nm). > EFL(20~50 nm)-.
15 EFL(50~200 nm) % FEFL(>200 nm)iE17 43207,
BAR AT BB T-22 7 T o M1~M5 K FLER RS )
N 18.62% 17.57%- 16.70%- 16.03%- 16.61%,
Hr, M4(#5 3.75%0NaAlOy) I FLBE R i k. BEE
NaAlO, BRI, T2 M N7 S 5K R .
w6 Fri, B M1 2 M5, SNSRI CaCOs i
R(LF Aragonite 55 Calcite) & EF#K, 1 C4AcHy,
AN, XA BT WA LA, PR
MFLBRA . SR, QiER 5 A1 19 Fis, A NaAlO,
Jei s FLVETRBREE T, AHs ARSI STIR . 2400
RTS8 RIS, PRI/, X2 0k55 AH; AH
(b, HETT R LB RE> 4, 28 d B, M4
5 M5 1 CiAcH MEERIE, AN 13.0%5
13.6%, TP AH; AHI iR RS 230012958 16 nm
5 19 nm. &% LRI A R(S=6/pD> AT
H1, M4 H AH; AHFI LR TR MS 1 1.188 f%.
I, M5 LR ZE 2t M4 K.

K21 M1~M5 H775 28 d B[ MIP 4551
Fig. 21 MIP results of groups M1-M5 cured for 28 d
R 7 B, M1~M5 F KT 50 nm FI45FL EE 1
RN 67.65% 67.83%- 66.55%- 62.20%- 63.71%.
M1 FE B IX B AL BB e, 10 M4 e fiR, X508
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LR B GBS EK NaAlO, gl
BEAR 7 B FLRR S, I ARAL T FLRR S A o

x=7 BMIP URBENARESAENSH
Table 7 Porosity and pore size distributions measured by
MIP

Batch Pore size distribution/%
Total porosity/%

>200nm 50-200nm 20-50nm  <20nm
Ml 18.62 47.11 20.54 16.34 16.01
M2 17.54 46.47 21.36 15.92 16.25
M3 16.70 45.96 20.59 16.21 17.24
M4 16.03 40.42 21.78 17.98 19.82
M5 16.61 39.45 24.26 18.85 17.44

K22 23U T 5 HIAFERPURIREE . 1d N, Ml
2 M5 IR SN 26.5. 273, 27.8. 28.5.
28.0MPa, ULAf M4 3RS s BT CA. CA Y
TR, KA RN B R R, SRR 28 d
N, 5 U R BEA 7370038 %2 36.5. 37.4. 38.8.
38.9. 38.4MPa. M AIAI, AREARRIT 1d50SE
ik 28d SRIE) 70%LA b 7E 28d B, 5 AilFES &
PSR4, X2 TR — ECE T Ar TR P
FBIRPIRERCOK, REBLH CAH,, ] C3AH, (1%
1k, HiAFEH CAHyo F R E{R(M4. MS 2573 28d
N EL A CAHyg). FES AR, M4 HEA 5 A
R RS, X5 MIP A4S AT . NaAlO,
45 K (0~5.00%0) . {ELLIB RN, NaAlO, &%
s A DL 5Tk 4R RS A R (MK A3k AR 5 ]
AHLEL R, BT FLEE I 5 )5 R R B S B ES «
2 NaAlO, 3B EH 0 % 3.75% 0, AL 1
BB PSR E R

C1d ZA3d N7d HHH284d

I
NH
HH

S
S

W
T
N

N
i
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T T

Compressive strength/MPa

—_— = DN W W
W

(=
T

OO

/AN

4

N 2

[=TN V]
=
z

Sample group

Bl 22 MI~MS AR
Fig. 22 Compressive strength of groups M1-M5

2.6 WREBERELREM R

AR R 5 CSA. CAC AHL, 51K g 3 B
FH, AR DL E 5 AH 1) AFm/AFt % i R R
i AH; MO STk, KA LL CiAcH )
T AH A 32 A SRR B 45 1% 6 R b B2
S B, BRERER SR B R B AR RLAY K
WHERIRES S AH; M (HEEE] CSA R T &fA
IKABRARTRAG(AFt, AFm-SO4) 5 AH; #H, iBfE(E
CSH #tik5 Ca(OH),, BFUGT™ L B, FERE)
AR AR RS 55 AH AH (1) SR 35 AT B AR N B A5
iR 6 A R

B 2.1~2.5 i Hr AT E1, NaAlO, i35 52
T SR -ERRRAS YDA 2R 1) KAk 2 5 T A 4
B, BEGSEE A FLIRSE MR ) PERE . 7E 28 d e 1]
i, MI~M3 AMUEH CiAcH S5Tih AH; M, &
{E/b & CAHyp, M4 5 MS AE CAHyo T
M1~M5 i) BB A N CyAcH 5 AH; 1,
MI1~MS5 3R] ARV EBER R SR I e ), I,
MI~M3 N SRR IR B I EEA KL, 1 M4 5
M5 ARk S BRAE R £k i A e

CyAcH,, 7E IR WEFE AL b2 Fee M T
CAH o~ CoAH; %5 54, ‘BRETE 2%~100%1% 5 YE
5~50 CiRE T R e, Ak M4 5 M5
() 1125 B LE M1~M3 TR SE

TR E A R, R LR TR
e s P JER R . B AR FE g B, R A
60% ULSEN; 45 5 IR IRE VA 00 03 0 T 56 e T A e

3 £

1) NaAlO, fe & N FEk-Fam ey ¥k R 17K
TRt R, RAEEE 2 MKAGBCRIESE AT B, B
NaAlO, 5 HH 0 3 22 5%o, AR £k} (8] FH 510 min
452 420 min. [, NaAlO, W&fldt s V&L E S
FUESRE . 3.75%0 NaAlO, (M4)iXFEHIFLERE 5 28d
PO SRS 7 518 16.03%55 38.9 MPa, WAL T340
(7 NaAlO,-M 1)) 18.62% 5 36.5 MPa.

2) NaAlO, .3 520 DL FE -5 Yk R 1
BRAA . AN NaAlO, J&, FLIERIRE T,
CaCO; R M THEIG5E, A& RFBEMIA TR CsAcH;; UL
VE, FEARF CiAcH) IR, CAHyo I EFEK.
M4 5 M5(5%0 NaAlO,)F#47" 28 d I, CsAcH;; &
=N 13.0%5 13.6%, A& CAH g.

3) B® AFm ReniRSh, DISek-Sam e Mk &
AR T AH A, HRA AT A E R AT
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