4 54 5% 8 W O O % R

= Vol. 54, No. 8
2026 £ 8 H

JOURNAL OF THE CHINESE CERAMIC SOCIETY August, 2026

http://jcesoc.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20250549

G & b
IRACRERR $5/ 2R IR UK R MR R G B s ik e 5 fe 2
REF AR TN B

(1. P TRY:, RS RI S @ 2 E SR, Wi 4300705
2. B T REMAERE S TREZR, HI 430070)

B OE: FPSOUKIEREEARL ) R R T 5 T AR A 2 AT — B LR AR R H bR o KA TR 5/ SR AR IR I K 771
(C-S-H/PCEYN K B & # RS 7K U8 it 2R C-S-H B I BN EE AR L, 52 C-S-H BER AP AR BAZ LT, SR I &
R RAZAE A, BUBERS B N K e TR AHERE,  AESRTHARL L 156 B2 (1 (R I O3 S A S i A O Tt A
AR EE C-S-H/PCE KB SRS, IS5 S LRI AR T AR R SR R 2 i [ RO e 2 FH IR 55 7 T
SRR TRt R, R AN SEORILS, IR AR T 17, WA Ja B R e M RE 9K B A A kLl 46 5 N

SR PEEEM BT R IR IR R B 5 RS %

KEIA): GORESMEL Bt & SO ER; PR KYeRiL

NERS: 0454-5648(2026)08-2765-16

HESHES: TUS28  XERFREAD: A
4% AR ATIE] : 2026-05-11

TE A BRI T A RE I T 5 Rt o R R 1 X
RN, BRSNS TR EE TR e TR 1 XL
HPRAR: BERR W FH R PO R R I TR R K,
NCEE S A T T AT AMER R RER . AR R
AN SR A = T i 55 ) 1) A FH ARCR ik A
PR, 3 ] e 2 51 K S S 5 P A5 4 5 T A 1 95 A0 1) R
AR ERIE LT BT ImREFE & . BRARE R
ST RE 5| R A 2t A A 1 A5 ik i 030, G h B — PR e A
TSR mE COME LLE R T RFEE R R TR, AU Rkt
T AP BT AR 2R

VERNKVE IR e 32 B B AH, C-S-H BEIR
(t2= R xCa0-ySi02-zHO0) I A il L F2 W 58 #4 % 72
O RETEALAS, JE Tk, R4S C-S-H #ER 1A
TE R A2 O RO FH K e JE R A 5 B 1Y) DG B ek
RO, JEAER,  GUKEIR I R AR e A BEK
SR 7o R, Her, C-S-H 49K dii%
RH Y C-S-H B =ERAER, 2&
C-S-H BRI BRAR A% L 0T, (Rl 4% 32 oyl 7181,
X AR} I MR R A AR R KA T 0 ) A 2%

ks B 2025-07-13. BITHY: 2025-08-10.
HETH: BHXKEREIEHS(52341202, 52472033).
W—1EE. REH(1998 ), 5, e,
WEES: WIERQ198s ), B, W, BT,
ERMA975 ), B, Ht, HEE.

ik

A A 7K Ve RBORE 2 TH e 7 22 MBURH AL R A, 35 1
C-S-H BRI BOE R 55 B0, [HRERERE,
SRR IELAT (0 A AL 1 £E 535 3R T+ Y19 B A [R I
AR L RE P AL TR, SEEL T LaR S
i APERI P R4 o

B C-S-H 9Ktz LA RENS, HEHL

o ISL P A7 T i < B 1k e AL 390 290 oK JORE [i1 45 f1
AR AE ) BU™ B R, AT K P AR L A%
RURERO22, BEXFIX—XER, AT ANEPE G\ o)
THIE 0 7, 8L B 1k B RN R fr 0 ik
IR R C-S-H GUR X IRE PER 28, 2%
T s 7T, BRIRIR I /KR (PCE) PR FL B8 R it A3t
AR AR S = AR R 2 B T
FIREELS0, HEf, C-S-H/PCE 49KE & EHE
DHT R RIS T R E R R, AR AT AR
RICHRIIHT R, I TR AR MR R ERIE 3 Z R AR
T C-S-H ki R, C-S-H/PCE 9KE Ak
PMEJy C-S-H W FUHI Y A b AT i A A is g, 1
AL T4 C-S-H/PCE 9K & &Ml R f il

Received date: 2025-07-13. Revised date: 2025-08-10.

First author: ZHU Hongwei (1998-), male, Doctoral candidate.

E-mail: hongweizhul 63@163.com

Correspondent author: HU Chuanlin (1985-), male, Ph.D., Research Fellow.
WANG Fazhou (1975-), male, Ph.D., Professor.

E-mail: chuanlin@whut.edu.cn; fzhwang@whut.edu.cn



< 2766 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(8): 2765-2780

2026 4

T C-S-H G S K I R B BLGR Z A4k
RGP IRNT18,3133,

BT BRI SR F R, AR
6 MYEFE R YRGS C-S-H/PCE 9k & A k4TS
(I RTVEWT S HE R 1) C-S-H 5 PCE A E.1E FI LI ;
2) C-S-H/PCE KB AWM BLHAE R 3) KKK
HEIEFINLEE; 4) Btz fEFsZm R 2 5) F
fl AR PRI RN 6) R FHIIAR o a6 ix 658
B SR T S RGRLs, ALBEHN C-S-H/
PCE 9K & A0R I SE R 7T SR B0 0 B 8%, AR
TR N IR LB SRR S

1 C-S-H 5 PCE 8 B AEA#HL4

C-S-H %t i i “Dreierkette’” 45 14 #5 2T il Jh

R ) JE AR R —— e S DY T R B e 5 495 48R DU A
FRoAs B HEE DY, HARMFE IS . REAA S

s, AN T e fe it 7 3AEF & . PCE
IR B o F 450 B i v M —— R BRI A
. REEE RS R 2, 23 (R A By m il i o1
W HHAT RS, X Ak C-S-H/PCE 9K E &
MEMWERE B E T 20 LRESEEAE . P A EAER A
iR BTN -AYF A S T RE ERshAEE T
T2, DAL NS, RN R e, A
2% R 5 2 R R .
1.1 C-S-H 5 PCE Hi&E&HK

WA 77~ C-S-H 5 PCE (145 A AL 3 2
BLAER WP 46 21 H AR A BC R 3 FhE
B3, HRMWMHE R EELE G, HIKS)
38T C-S-H 3R 1Hi ) Ca®* 5 PCE Z5 4 IR IR I 1A
(A I ECAL/E BT, Plank 55BNt Zeta FLAZ 73 HTIE
52, RULERAFKA S IA S C-S-H B
%1 PCE B 1 5 AWK B %548« Ji 4 Kanchanason Z5£40]
TEAE: G i C-S-H/PCE M4 & A R IILAE [i] 5 45 ek bb
(Ca/Si=1.0)F1 pH 1~ 10.4~13.8 %1 F, PCE L&
A= M AR A G R Z RS, R T
PCE 5 C-S-H M EAEFH IR (G 1 fhoR). 3X
T I 5 A% 21 B B T R A A T = S A L
(1.3) AR & (pH AEZI N 13) F S 8URIZ IR 1)
FEAEFEAMEMI421, SR, Wang SEBIE AT A Ak
A R AL E] C-S-H/PCE & R RFEATHT I 260
N TR doo ATHTIETH 2%, BE RIZRIBE AT REY R &2
X FHERATES (XRDYRL MR BR 2 Ak o 3 Fofr 45 g ey %
IHAF PCE %5 210 Ca¥ L& 1EFH, Mk
TE TR, 1ZI %5 Kanchanason F

Plank W7 &5 107 )G 1%, TTREVRE PCE 4> 4544
ZE (WIS B AR o0 A0 46 B S 06 2% 1 (an 4
fELG. pH EHE) Mgz, HAARERPLEITIR R
Gt . BbAh, SREREE RERIN PCE(PCE-SIl)
IS HLE S C-S-H EH : FRIEELEFFAS R AL
ORI, REREIE S C-S-H R4 Y Th] A4 R LA Ak
ST ERBS, XF FE A AN BE i AR 2R T A 2 T
RIS, EREMFERERE AL, (R RERR LR AE M
TFF. XN Kanchanason £l Plank #F 55 PCE 3 it
RERESE K IR AR T A ERARRE, IESK T RESE 25
FEXHAE RS 3 KGR T . Fitk, IAH
TP AT MY PCE 4y T it 5 [ B 4 1%
C-S-H 5 PCE FH1HAFE A IR R 3008, TG 8N 2
PR T 9K AR S I AT IR AR TS

PCE

C-S-H

K1 PCE 5 C-S-H AHHAFHIm & E1ol
Fig. 1 Schematic diagram of the interaction between PCE and
C-S-HHI

1.2 C-S-H/PCE B4zt

WK, C-S-H/PCE HIRuiZ it FEIgE IR 45
FAZHLE],  HAZORFAEAE T AR 2S T R BT 1 %
H G 245 /3R A0 45471, Schonlein ZEH8IR % B 5259645
7~ 1 PCE Xf C-S-H %3l /1# B W3 5o fE4l
C-S-H A&, 20~60 nm FIERRIATI/E 1 h WA K
FEAS RN SEIREE R, T PCE F5 1N B B4 7ix—
AR . BAATI S, PCE SAEMIURTE R BIERIR AT
IR RME AN E 2 B, Hoas A AL
FEIAMNIELE | 7K 53T HIVEE , AN T J50RL 1)V~
Wit iR, X —IER UL PRI e RS
JRARIRRAE,  RITEMREABY B S TE O AR S BROIR AT
OKAA, o i 8 TR R ROE A A R R T E E RRE
HIEPIR C-S-Ho Wang SE#I I 73t — 20321, PCE
MITEERES B &4 5 C-S-H e DUIEM B4 . HE
B, HO A B KR WA S E AR R )
11.7 fif o 3X— 0| RS2 [F#E 5 BT PCE £E C-S-H &
THT PRI B 78 56 4 FH A6 34BEAS T C-S-H IRRFEAE K



%54 55 8 W

KRB S ARG/ SRR AR 9K &6 M R 7 ik Je 5 e 2R < 2767 -

K2 C-S-H 5 C-S-H/PCE &4t Hi 7 A HE 8]
Fig. 2 Transmission electron microscopy images of C-S-H
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Fig. 4 Micro-morphology of C-M-S-H/PCE and C-F-S-H/PCE nanocomposites (C: target Ca/Si ratio; M: target Mg/Si ratio; F:

target Fe/Si ratio) [3% 641
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Fig. 5 Photographs of C-(M-)S-H/PCE nanocomposites>?]
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Fig. 6 Schematic diagram of nucleation seeding mechanism of C-S-H/PCE nanocomposites’]
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Fig. 7 Effect of C-S-H/PCE nanocomposites on early hydration of OPC and C3S (water-to-cement ratio = 0.4, dosage = 1%)
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Table 1 Performance comparison of early-strength enhancement in cement paste/mortar by different types of nanocomposites

Particle size and dosage

Water-to-binder Increase rate of early

Reference Type of nano-seeds of nano-seeds Application system ratio compressive strength
Sun et al. B Self-made C-S-H/PCE 329.12 nm, 0.6% P - 11 52.5 mortar 0.50 12 h-105%, 24 h-29%
Zhu et al. ¢ Self-made C-F-S-H/PCE 42.9 nm, 1.0% P - 142.5 paste 0.35 12 h-1211%, 24 h-97%
Kanchanason ez al. "7} Self-made C-S-H/PCE ~ Approx. 50 nm, 2.0% CEM II/B-V mortar 0.41 6 h-670%, 24 h-50%
Liu et al. 1% Self-made C-A-S-H/PCE 188.92 nm, 1.0% 50%MK-50%P - 1 42.5 mortar 0.35 6 h-82%, 24 h-41%
Li et al. 160 Commercial C-S-H/PCE 50-100 nm, 1.5% P - [ 42.5 mortar 0.40 12 h-155%, 24 h-12%
Feng et al. 5 Self-made C-S-H/PCE 21 nm, 1.5% P - 1152.5R mortar 0.35 6 h-503%
Zhy [103] Self-made C-M-S-H/PCE ~ Below 100 nm, 1.0% P - 142.5 paste 0.35 12 h-942%, 24 h-77%
Lei et al. 58 Self-made C-S-H/PCE 291.38 nm, 0.6% P - [ 42.5 mortar 0.45 8 h-104%
Zhang et al. ¥4 Self-made C-S-H/PCE ~ Approx. 60 nm, 1.0% P - [ 42.5 mortar 0.35 6 h-406%, 12 h-205%
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Seeding effect of C-F-S-H/PCE nanocomposites combined with the acceleration of sodium sulfate
enables the high-efficient activation of low-carbon cement
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Fig. 10 Activation technology for low-carbon cement blended with large-volume slag powder

[70]



%54 55 8 W

KRB S ARG/ SRR AR 9K &6 M R 7 ik Je 5 e 2R < 2775 -

TRHE L T BRI ORI 2 24 h N 49Kk, A
IR S B AR FR IR A (1 m3) A RERE S R 23 39
Wb 12.7 kg FRAEREAT 31.7 kg CO2o EMBRIJAEN0S]
4 C-S-H/PCE N FH T8 B C50 G725 37 1R
BEHAA R, KIL C-S-H/PCE TE AR e+ )5 158
FE 0 R B B AR R R, JF B PSR T Re
Perm T 2%~28%, Piliibae JiiemE T 10%~40%,
HE—DUAIE T FLAE ST P I R 5% ARAR VR % A A i
SAMETT AR

7 HhERZE

7.1 g

A RGHR T C-S-H/PCE 40K 5 &#BHE N
LK FEAT R BRI ) A5 IR B MR AE
NS R IUIR, EZERR:

1) C-S-H 5 PCE M EAF H M A i & Fl A 8 3 3
NN AR 4. PCE BidHRIE% & 550
PERRRL R AN C-S-H 8%, BB N E 1
C-S-H/PCE 4 KE Akl Hokifd, B g5 mT
WA RS H(pH B BE . WKE) & PCE 4 T451)
(B ReF S M BERR 1 )21 T A 2% . Hr2Y C-A/M/F-S-
H/PCE 9K E &M R & NmtERe . attatb i
PEHt TR R .

2) C-S-H/PCE = ZEdit W A etk fb: —
2 W B AR L (A5 ik S5 8 PR o A R BRI
TIAENRAE 22 AL S T C-S-H 7ERARE] R A
A XA 2 s RK S R R R, 1E
VA3 KA = W T g e K e IR PR R . A RE 2
C-S-H/PCE H Spth(bbRmA kifR) K AMH &1
BE. KR, BE. AE&E)Em. S5m0
InFA S RC w] R HE R L5 2 DAk AR

3) C-S-H/PCE S UK B &M RHE 2 Jui ikt
R RS KPE LC3. NAIRKYe . BERIR LK
)R F RS, AR R RO
1 d )R IO S R S A . X —RR
MAAAE AR T N2d6E. RZEFRH . K
LR AR PR TR K e i BERD K S5 40
SR T E N FH AT R
72 RE

C-S-H/PCE 9K E G EME N —Fhi 4k s
RIEIEZ RTERIPIK R 5R 7], IR 74
C-S-H ##Z 5 M, S8l 705 1o Blke e
YE5 AL RLREERTE, TE V) R T K TR A R F 3 5
P St AT Th e I AR AR 3 . RS T B

B, MR KRS C-S-H/PCE 49K E &
PRI BN A FE R UGRTT A E , (R B TH I A A)
ReEtE e —. AR T SRR, i
il LM BA ST M P I EEA 2, BAF
IR TSI GM . AR A 58 ] 3 55 5 DA
DV AEE

1) SERFIEEF C-S-H/PCE K& &M RIHEKYE
KRG R R R, k. B8, W RES
IKATF= D) A A B A 72 B SR A C-S-H/
PCE *P/KJE K EZF M C3Sy CaSy CiA.
C4AF) /K AL [P AR FLAE FAATLER B L 72 S A (i 3t 200 (1)
A, MNIMLE SRR X B3R R H s K KAL)
AL 2L X AL C-S-H/PCE #E /K e 344 k)
HH () R SRS SR LR AR, R B K L 7
Wit A B B A

2) WFR @R IR MR A R T
C-S-H/PCE 9K E G RIER 5B A MM 2 DhRERFE
Biltn. JPRAR&BEERIEEBER). 2aem
I Gl P55 /pHL B SR T50) P AR e P (S 7 T A
TR R R AZ i), DL U B /B R B S PR B 1 T
REMIAKE A MRE. RIS, JRAHFFE C-S-H/PCE 5
HAb DR AR Z (B BT E R R, $h R AR Re
% DRe /KIS RE 0 R FH o

3) FFRE M. Faw HARRAM C-S-H/PCE
YUK E AR A T2, B =itk al i
— R BB A AR E I, DAY A2 S bR TR N 7
Ko AP C-S-H/PCE WA= A FH 2R Bk 4 R
P A JE B R B s e (LG B /2 28 BRAE 22 BEUR
THFE) o TRZAFH Tl B i B AR TR IR (s 45 %
FYNVENA B C-S-H BT IR 1 kLRI, Lt — 2
FRARLIAE 40, $R-A BRI Rt

4) B E o TR ML 5 N TR ae%E
ATUSHAR, A C-S-H/PCE W et Hiu . @it sy
T3 158 PCE 5 C-S-H FHHI 345 A 4L
fils PN 7 B SR R -T2 S 4- 1
Redds, A ERE I SO . g55 N TR fe
ERPRSIIEIP =Ry vp S B U [0 b S e e Nt R
REARAL DL 2 ThREAR & L7 I P ik, 6 25 ik
TRV E G PRI KRR .

SE R

[1] PRUCKNER F, GJORV O E. Effect of CaCl, and NaCl additions on
concrete corrosivity[J]. Cem Concr Res, 2004, 34(7): 1209-1217.

[2] ZEYAD A M, TAYEH B A, ADESINA A, et al. Review on effect of
steam curing on behavior of concrete[J]. Clean Mater, 2022, 3: 100042.



< 2776 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(8): 2765-2780

2026 4

[3] EE, B, B, & KUEEM R R R R AR L
FREEIR[D]. PR SR, 2023, 37(9): 76-86.

PANG Chaoming, TANG Zhiyuan, YANG Zhiyuan, et al. Mater Rep,
2023, 37(9): 76-86.

[4] TAYLOR H F W. Cement chemistry[M]. London: Thomas Telford,
1997.

[5] RICHARDSON I G. The nature of C-S-H in hardened cements[J]. Cem
Concr Res, 1999, 29(8): 1131-1147.

[6] ALLEN AJ, THOMAS J J, JENNINGS H M. Composition and density
of nanoscale calcium-silicate-hydrate in cement[J]. Nat Mater, 2007,
6(4): 311-316.

[7] XUHE, W2, RS, . KWK KRR ES (C-S-H)f i
FOHEIRT]. BRHFR, 2021, 35(9): 9157-9167.

LIU Xin, FENG Pan, SHEN Xuyan, et al. Mater Rev, 2021, 35(9):
9157-9167.

[8] AR, fhiz, Wit A, 55 AKAEERRES R IR F e [)]. fEfg &k
2241, 2024, 52(5): 1710-1721.

ZHAO Piqi, SUN Qian, YANG Xinyue, et al. J Chin Ceram Soc, 2024,
52(5): 1710-1721.
[91 BULLARD J W, JENNINGS H M, LIVINGSTON R A, et al

Mechanisms of cement hydration[J]. Cem Concr Res, 2011, 41(12):
1208-1223.

[10] SCRIVENER K L, JUILLAND P, MONTEIRO P J M. Advances in
understanding hydration of Portland cement[J]. Cem Concr Res, 2015,
78: 38-56.

[11] LAND G STEPHAN D. Controlling cement hydration with nanoparticles[J].
Cem Concr Compos, 2015, 57: 64-67.

[12] ZHOU J, ZHENG K R, LIU Z Q, et al. Chemical effect of
nano-alumina on early-age hydration of Portland cement[J]. Cem Concr
Res, 2019, 116: 159-167.

[13] CHEN J, KOU S C, POON C S. Hydration and properties of nano-TiO,
blended cement composites[J]. Cem Concr Compos, 2012, 34(5):
642-649.

[14] SARGAM Y, WANG K J. Hydration kinetics and activation energy of
cement pastes containing various nanoparticles[J]. Compos Part B Eng,
2021, 216: 108836.

[I5]REN Z C, LIU Y Y, YUAN L W, et al. Optimizing the content of
nano-Si0,, nano-TiO, and nano-CaCOj; in Portland cement paste by
response surface methodology[J]. J Build Eng, 2021, 35: 102073.

[16] YOO D Y, OH T, BANTHIA N. Nanomaterials in ultra-high-
performance concrete (UHPC)—A review[J]. Cem Concr Compos, 2022,
134: 104730.

[17] JOHN E, MATSCHEI T, STEPHAN D. Nucleation seeding with
calcium silicate hydrate—A review[J]. Cem Concr Res, 2018, 113:
74-85.

[18] CUESTA A, MORALES-CANTERO A, DE LA TORRE A G, et al.
Recent advances in C-S-H nucleation seeding for improving cement
performances[J]. Materials, 2023, 16(4): 1462.

[19] WANG F, KONG X M, JIANG L F, et al. The acceleration mechanism
of nano-C-S-H particles on OPC hydration[J]. Constr Build Mater,
2020, 249: 118734.

[20] PLASSARD C, LESNIEWSKA E, POCHARD 1, et al. Nanoscale
experimental investigation of particle interactions at the origin of the
cohesion of cement[J]. Langmuir, 2005, 21(16): 7263-7270.

[21] JONSSON B, WENNERSTROM H, NONAT A, et al. Onset of

cohesion in cement paste[J]. Langmuir, 2004, 20(16): 6702—6709.

[22] NICOLEAU L, GADT T, CHITU L, et al. Oriented aggregation of
calcium silicate hydrate platelets by the use of comb-like copolymers[J].
Soft Matter, 2013, 9(19): 4864-4874.

[23] PICKER A, NICOLEAU L, NONAT A, et al. Influence of polymers on
the nucleation of calcium silicate hydrates[J]. Cem Concr Res, 2023,
174:107329.

[24] CAPPELLETTO E, BORSACCHI S, GEPPI M, et al. Comb-shaped
polymers as nanostructure modifiers of calcium silicate hydrate: A 2°Si
solid-state NMR investigation[J]. J Phys Chem C, 2013, 117(44):
22947-22953.

[25] POPOVA A, GEOFFROY G, RENOU-GONNORD M F, et al
Interactions between polymeric dispersants and calcium silicate
hydrates[J]. J Am Ceram Soc, 2000, 83(10): 2556-2560.

[26] ZHOU Y, HOU D S, MANZANO H, et al. Interfacial connection
mechanisms in calcium-silicate-hydrates/polymer nanocomposites: A
molecular dynamics study[J]. ACS Appl Mater Interfaces, 2017, 9(46):
41014-41025.

[27] THEOBALD M, PLANK J. C-S-H—polycondensate nanocomposites as
effective seeding materials for Portland composite cements[J]. Cem
Concr Compos, 2022, 125: 104278.

[28] THEOBALD M, PLANK J. B-Naphthalene sulfonate formaldehyde-
based nanocomposites as new seeding materials for Portland cement[J].
Constr Build Mater, 2020, 264: 120240.

[29] LEI L, HIRATA T, PLANK J. 40 years of PCE superplasticizers -
History, current state-of-the-art and an outlook[J]. Cem Concr Res,
2022, 157: 106826.

[30] PLANK J, SAKAI E, MIAO C W, et al. Chemical admixtures:
Chemistry, applications and their impact on concrete microstructure and
durability[J]. Cem Concr Res, 2015, 78: 81-99.

[31] BRik, TR, %M, 5. GURKACRERRES ] % S %S 7K Je K AL 52
HIRE TS RE[T]. RERRSRIEAR, 2021, 40(5): 1429-1440.

CHEN Jiao, YU Cheng, MU Ru, et al. Bull Chin Ceram Soc, 2021,
40(5): 1429-1440.

[32] REMN, TREESR, EFW1, 45 C-S-H 9K Al R ILx KK aE1L
R SRR ). MR, 2023, 37(9): 105-120.

TANG Ruifeng, ZHANG Jiale, WANG Ziming, et al. Mater Rep, 2023,
37(9): 105-120.

[33] 2%, R RARERRES P FLLERE (D). DU J1IEEME, 2024, 50(4):
1-3.

LI Mao, WU Bo. Sichuan Build Mater, 2024, 50(4): 1-3.

[34] RICHARDSON I G. The calcium silicate hydrates[J]. Cem Concr Res,
2008, 38(2): 137-158.

[35] HOU D S, JI X, WANG P, et al. Atypical adsorption of polycarboxylate
superplasticizers on calcium silicate hydrate surface: Converting
interaction by solvent effects[J]. Constr Build Mater, 2022, 330:
127160.

[36] JAMIL T, JAVADI A, HEINZ H. Mechanism of molecular interaction
of acrylate-polyethylene glycol acrylate copolymers with calcium
silicate hydrate surfaces[J]. Green Chem, 2020, 22(5): 1577-1593.

[37] ZHANG J, MA Y F, HUANG J L, et al. Influence of novel
shrinkage-reducing polycarboxylate superplasticizer on the nature of
calcium-silicate—hydrates[J]. J Am Ceram Soc, 2023, 106(3): 2139-2154.

[38] OROZCO C A, CHUN B W, GENG G Q, et al. Characterization of the

bonds developed between calcium silicate hydrate and polycarboxylate-



%54 55 8 W

KRB S ARG/ SRR AR 9K &6 M R 7 ik Je 5 e 2R .« 2777 -

based superplasticizers with silyl functionalities[J]. Langmuir, 2017,
33(14): 3404-3412.

[39] PLANK J, HIRSCH C. Impact of zeta potential of early cement
hydration phases on superplasticizer adsorption[J]. Cem Concr Res,
2007, 37(4): 537-542.

[40] KANCHANASON V, PLANK J. Role of pH on the structure,
composition and morphology of C-S-H-PCE nanocomposites and their
effect on early strength development of Portland cement[J]. Cem Concr
Res, 2017, 102: 90-98.

[41] MATSUYAMA H, YOUNG J F. Synthesis of calcium silicate
hydrate/polymer complexes: Part I. Anionic and nonionic polymers[J]. J
Mater Res, 1999, 14(8): 3379-3388.

[42] MATSUYAMA H, YOUNG J F. Intercalation of polymers in calcium
silicate hydrate: a new synthetic approach to biocomposites [J]. Chem
Mater, 1999, 11(1): 16-19.

[43] WANG F, KONG X M, WANG D M, et al. The effects of nano-C-S-H
with different polymer stabilizers on early cement hydration[J]. ] Am
Ceram Soc, 2019, 102(9): 5103-5116.

[44] TK3CE, ERE, HHIC. BRI TS KA TERR S S5 1

R[], TERR R4, 2006, 34(5): 546-550.
ZHANG Wensheng, WANG Hongxia, YE Jiayuan. J Chin Ceram Soc,
2006, 34(5): 546-550.

[45] KRAUTWURST N, NICOLEAU L, DIETZSCH M, et al. Two-step
nucleation process of calcium silicate hydrate, the nanobrick of
cement[J]. Chem Mater, 2018, 30(9): 2895-2904.

[46] ARTIOLI G, VALENTINI L, VOLTOLINI M, et al. Direct imaging of
nucleation mechanisms by synchrotron diffraction micro-tomography:
Superplasticizer-induced change of C-S-H nucleation in cement[J].
Cryst Growth Des, 2015, 15(1): 20-23.

[47] VALENTINI L, FAVERO M, DALCONI M C, et al. Kinetic model of
calcium-silicate hydrate nucleation and growth in the presence of PCE
superplasticizers[J]. Cryst Growth Des, 2016, 16(2): 646—654.

[48] SCHONLEIN M, PLANK J. A TEM study on the very early
crystallization of C-S-H in the presence of polycarboxylate
superplasticizers: Transformation from initial C-S-H globules to
nanofoils[J]. Cem Concr Res, 2018, 106: 33-39.

[49] WANG J, KONG X M, YIN J H. Formation of synthetic C-S-H in the
presence of triethanolamine and/or polycarboxylate polymers[J]. Constr
Build Mater, 2024, 424: 135881.

[50] LAND G, STEPHAN D. The effect of synthesis conditions on the
efficiency of C-S-H seeds to accelerate cement hydration[J]. Cem
Concr Compos, 2018, 87: 73-78.

[51]1 SUN J F, SHI H, QIAN B B, et al. Effects of synthetic C-S-H/PCE
nanocomposites on early cement hydration[J]. Constr Build Mater,
2017, 140: 282-292.

[521ZHU H W, ZHANG M, ZOU F B, et al. Calcium-silicate-
hydrates/polycarboxylate ether nanocomposites doped by magnesium:
Enhanced stability and accelerating effect on cement hydration[J]. ] Am
Ceram Soc, 2022, 105(7): 4930-4941.

[53]1 YOU Z 'Y, XU J. Investigation on variables contributing to the synthesis
of C-S-H/PCE nanocomposites by co-precipitation method[J]. Materials,
2021, 14(24): 7673.

[54] FEPTHR, BERM, B W, 5 SRR BRI IL R B X 94

4 3

K C-S-H é % ik S L5 /e F s ma (], FERR #hid ik, 2024, 43(9):

3128-3136.

TANG Ruifeng, CUI Suping, YANG Feihua, et al. Bull Chin Ceram
Soc, 2024, 43(9): 3128-3136.

[55] WANG K F, KAN Y X, ZHU Y S, et al. Optimization of synthesis
parameters for C-S-H/PCE nanocomposites: A comprehensive study
using orthogonal experiments and multi-analysis approaches[J]. Constr
Build Mater, 2024, 417: 135332.

[56] FENG X, YIN S H. Preparation of C-S-H-PCE composites using an
impinging stream reactor[J]. Chem Phys Lett, 2023, 833: 140962.

[571 2201, B3I, £T7 8, 5. bk fx KA R ES w1
VAEE[D). RERRER AR, 2022, 50(11): 2818-2825.

WANG Xuechuan, QIAN Shanshan, WANG Ziming, et al. J Chin
Ceram Soc, 2022, 50(11): 2818-2825.

[S8]LEI F Z, LEI L, KANG Y Y, et al. Effect of 2-acrylamide-
2-methylpropane sulfonic acid on the early strength enhancement of
calcium silicate hydrate seed[J]. Cem Concr Compos, 2024, 149:
105527.

[59] Kanchanason, V, Plank, J. C-S-H-PCE nanocomposites for enhancement
of early strength of Portland cement[C]. The 14th International
Congress on the Chemistry of Cement (ICCC 2015). 2015: 176.

[60] FRAR:, HAGD, E22), & BRI BRI 90K KL RER
FRFVE I D). TR IR, 2024(3): 16-23.

CHEN Benwen, GAN Jiezhong, WANG Xuechuan, et al. China Concr,
2024(3): 16-23.

[611ZOU F B, ZHANG M, HU C L, et al. Novel C-A-S-H/PCE
nanocomposites: Design, characterization and the effect on cement
hydration[J]. Chem Eng J, 2021, 412: 128569.

[62] ZOU F B, GAO Y N, ZHU H W, et al. Effect of synthesis conditions on
particle size morphology, structure, and acceleration performance of
C-A-S-H nanoparticles[J]. ] Mater Civ Eng, 2023, 35(11): 04023403.

[63] ZHOU H, LIU B, LU DY, et al. Preparation and properties of calcium
aluminum silicate hydrate—polycarboxylate nanocomposites (CASH-
PCE)[J]. J Sustain Cem Based Mater, 2024, 13(4): 558-576.

[64]ZHU H W, QIN Z H, MA Z B, et al. Novel C-F-S-H/PCE
nanocomposites with high-efficiency seeding effect on the hydration of
Portland cement[J]. Cem Concr Compos, 2023, 140: 105077.

[65] ZHAN P M, WANG J, YU W W, et al. Insights into the hydration
kinetics, microstructure and early strength of Portland cement
containing synthetic C-S-H/PCE nanocomposites[J]. Cem Concr
Compos, 2025, 157: 105886.

[66] LI W, WANG R J, WANG Y, et al. The acceleration effect of nano
C-S-H-PCE on the microstructure formation and evolution at early age
of cement paste[J]. Mater Struct, 2023, 56(4): 89.

[67] THOMAS J J, JENNINGS H M, CHEN 1J J. Influence of nucleation
seeding on the hydration mechanisms of tricalcium silicate and
cement[J]. J Phys Chem C, 2009, 113(11): 4327-4334.

[68] ALIZADEH R, RAKI L, MAKAR J M, et al. Hydration of tricalcium
silicate in the presence of synthetic calcium-silicate-hydrate[J]. ] Mater
Chem, 2009, 19(42): 7937-7946.

[69] ZHU H W, LIAO C, CHEN Z, et al. Role of C-F-S-H/PCE
nanocomposites on the hydration of Portland cement with varying
gypsum levels[J]. Constr Build Mater, 2024, 426: 136155.

[70] ZHU H W, LIAO C, HU C L, et al. A novel approach for high-efficient
activation of large-volume slag cement towards a lower-carbon future
in cement industry[J]. Constr Build Mater, 2024, 442: 137638.

[71] LT X R, BIZZOZERO J, HESSE C. Impact of C-S-H seeding on



< 2778 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(8): 2765-2780

2026 4

hydration and strength of slag blended cement[J]. Cem Concr Res, 2022,
161: 106935.

[72] EA2. AP sRxS& RASHLA A AAES R C-S-H B2 HLEE D).
A5 R, 2021.

WANG lJian. Influence mechanism of organic additives on the synthesis
of ettringite, calcium hydroxide and C-S-H[D]. Beijing: Tsinghua
University, 2021.

[73]1 RINDLE O, SIXT F, SPILLANE L, et al. Revealing the morphology of
nano-ettringite in cement paste: A TEM study on the influence of
polycarboxylate ether superplasticizers[J]. Cem Concr Res, 2025, 193:
107853.

[74] PEDROSA H C, REALES O M, REIS V D, et al. Hydration of Portland
cement accelerated by C-S-H seeds at different temperatures[J]. Cem
Concr Res, 2020, 129: 105978.

[75] {3, JCARPH, 2=, %%, C-S-Hs—PCE /Ky At oKtk fel
). AE4 BT, 2023, 46(4): 32-35.

HE Yan, YOU Chunyang, LI Meng, et al. Non Met Mines, 2023, 46(4):
32-35.

[76] 5K, BUBRET, BRAR, 45, 91K C-S-H Mtz K e AR AL TERE R
ST, TSR, 2024, 51(2): 39-43.

ZHANG Xinyuan, NI Chenxin, CHEN Wen, et al. New Build Mater,
2024, 51(2): 39-43.

[77] KANCHANASON V, PLANK J. Effectiveness of a calcium silicate
hydrate—polycarboxylate ether (C-S-H-PCE) nanocomposite on early
strength development of fly ash cement[J]. Constr Build Mater, 2018,
169: 20-27.

[78] KANCHANASON V, PLANK J. Effect of calcium silicate
hydrate—polycarboxylate ether (C-S-H-PCE) nanocomposite as
accelerating admixture on early strength enhancement of slag and
calcined clay blended cements[J]. Cem Concr Res, 2019, 119: 44-50.

[79] CHEN X T, YANG X J, WU K, et al. Understanding the role of C-S-H
seed/PCE nanocomposites, triethanolamine, sodium nitrate and PCE on
hydration and performance at early age[J]. Cem Concr Compos, 2023,
139: 105002.

[80] WANG P G, FU H, ZUO W Q, et al. Effect of n-C-S-H-PCE and slag
powder on the autogenous shrinkage of high-strength steam-free pipe
pile concrete[J]. Constr Build Mater, 2022, 325: 126815.

[81]SUN J F, DONG H N, WU J J, et al. Properties evolution of
cement-metakaolin system with C-S-H/PCE nanocomposites[J]. Constr
Build Mater, 2021, 282: 122707.

[82] WANG J F, PEID T, LU L L, et al. Impacts of nano C-S-H-PCE on
durability-related properties of Portland cement composites with
high-volume GGBFS[J]. Constr Build Mater, 2024, 449: 138547.

[83]1 FU H, TIAN L, WANG P G, et al. Microstructure, deformation and
durability of high-strength non-steam-cured concrete with C-S-H
seed[J]. Constr Build Mater, 2023, 374: 130953.

[84] ZHANG J L, WANG Z M, YAO Y H, et al. The effect and mechanism
of C-S-H-PCE nanocomposites on the early strength of mortar under
different water-to-cement ratio[J]. J Build Eng, 2021, 44: 103360.

[85] LI K, ZHU H J, ZHANG Z H, et al. Effect of microscale C-S-H on the
properties of Portland cement and hydration kinetics analysis at
different curing temperatures[J]. Compos Part B Eng, 2024, 280:
111461.

[86] NICOLEAU L. The acceleration of cement hydration by seeding:
Influence of the cement mineralogy[J]. ZKG international, 2013(1):

40-49.

[871 ZOU F B, HU C L, WANG F Z, et al. Enhancement of early-age
strength of the high content fly ash blended cement paste by sodium
sulfate and C-S-H seeds towards a greener binder[J]. J Clean Prod,
2020, 244: 118566.

[88] ZOU F B, SHEN K J, HU C L, et al. Effect of sodium sulfate and
C-S-H seeds on the reaction of fly ash with different amorphous
alumina contents[J]. ACS Sustainable Chem Eng, 2020, 8(3):
1659-1670.

[89] LI H X, XUE Z, LIANG G W, et al. Effect of C-S-Hs—PCE and sodium
sulfate on the hydration kinetics and mechanical properties of cement
paste[J]. Constr Build Mater, 2021, 266: 121096.

[90] HE Y, ZHANG G Q, CHEN J, et al. Influence of C-S-Hs—PCE and
NaSO4 on thefluidity and mechanical performance of cement—lithium
slag binder[J]. Mater Struct, 2023, 56(9): 158.

[91] HE Y, ZHANG G Q, JIANG M J, et al. Impacts of C-S-Hs—PCE and
Na,SO4 on hydration properties of lithium slag-cement composite
binder[J]. J Therm Anal Calorim, 2024, 149(17): 9073-9083.

[92] ZHANG M, YANG L, WANG F Z. Influence of C-S-H seed and
sodium sulfate on the hydration and strength of limestone calcined clay
cement[J]. J Clean Prod, 2023, 408: 137022.

[93] X4, FREM, BBEA, 4. DEIPA Fl C-S-H-PCEs & 5% /K Je—KH
MRAR IV RERI M D). EHUPRL2A4, 2024, 27(9): 789-795.
LIU Chi, GUO Junyuan, YANG Xiaojie, et al. J Build Mater, 2024,
27(9): 789-795.

[94] XU C, LI H X, YANG X J, et al. Action of the combined presence of
C-S-Hs-PCE and triethanolamine on the performances of cement
paste/mortar[J]. Constr Build Mater, 2021, 269: 121345.

[95]1 HE J H, LONG G C, MA K L, et al. Improvement of the hydration of a
fly ash—cement system by the synergic action of triethanolamine and
C-S-H seeding[J]. ACS Sustainable Chem Eng, 2021, 9(7): 2804-2815.

[96] ALZAZA A, OHENOJA K, LANGAS 1, et al. Low-temperature
(=10 C) curing of Portland cement paste—Synergetic effects of
chloride-free antifreeze admixture, C-S-H seeds, and room-temperature
pre-curing[J]. Cem Concr Compos, 2022, 125: 104319.

[97] CHEN X T, LIU T J, GUO ] Y, et al. C-S-H-PCE nanoparticles and
anionic surfactants as nucleation agent in cement based materials:
Focus on the antagonism[J]. Cem Concr Compos, 2024, 152: 105644.

[98] WYRZYKOWSKI M, ASSMANN A, HESSE C, et al. Microstructure
development and autogenous shrinkage of mortars with C-S-H seeding
and internal curing[J]. Cem Concr Res, 2020, 129: 105967.

[99] LIANG G W, NIDY, LI H X, et al. Synergistic effect of EVA, TEA and
C-S-Hs—PCE on the hydration process and mechanical properties of
Portland cement paste at early age[J]. Constr Build Mater, 2021, 272:
121891.

[100] LIU Y, YANG Q H, WANG Y T, et al. Effect of CSH-PCE
nanocomposites on early hydration of the ternary binder containing
Portland cement, limestone, and calcined coal gangue[J]. J Therm
Anal Calorim, 2024, 149(22): 12685-12695.

[101] LONG Z F, LONG G C, TANG Z, et al. Analysis of hydration kinetics
in high early-strength cementitious system with calcium
sulphoaluminate cement and CSH seeds[J]. Constr Build Mater, 2024,
448: 138222.

[102] L1 J Q, ZHANG W X, XU K, et al. Fibrillar calcium silicate hydrate
seeds from hydrated tricalcium silicate lower cement demand[J]. Cem
Concr Res, 2020, 137: 106195.

[103] ARZfH. B C-M/F-S-H GRSt 4 Ko AU AR AL i £ P AL ER



5 54 &5 8 1 KRB S ARG/ SRR AR 9K &6 M R 7 ik Je 5 e 2R < 2779 ¢

AFFE[D]. B BCBUH TR, 2022, 2022, 52(2): 254-262.
ZHU Hongwei. Preparation of new C-M/F-S-H nanocrystalline nuclei WANG Penggang, FU Hua, LI Gege, et al. J Southeast Univ Nat Sci
and study on its mechanism for cement hydration[D]. Wuhan: Wuhan Ed, 2022, 52(2): 254-262.
University of Technology, 2022.
[104] FENG X, ZHUO C Y, YIN S H. The application of C-S-H accelerators 1EE kAR
in the precast concrete industry: Early-age properties and CO, e, MEL AR, BPREE. REAEITIEC. AL
footprint analysis[J]. J Clean Prod, 2024, 435: 140558. BIAEAR: WITPFFRESE. BITIB
[105] ZEMENI, £14, Zhgtk, 5. 499K C-S-H-PCE ¥k v H ERM: 7L, EEHIRICHEL
C50 Hu7EFRIREE L VERE ML [)]. AR R R 2 2 e (B AR B AR, R ME

Recent Advances and Future Perspectives on Calcium Silicate Hydrate/Polycarboxylate
Ether Nanocomposites

ZHU Hongwei'?, HU Chuanlin', WANG Fazhou', HU Shuguang'
(1. State Key Laboratory of Silicate Materials for Architectures, Wuhan University of Technology, Wuhan 430070, China;
2. School of Materials Science and Engineering, Wuhan University of Technology, Wuhan 430070, China)

Extended Abstract

The construction industry faces a dual-challenge of achieving rapid early-age strength development in cement-based materials,
while ensuring a long-term durability, which is further complicated due to the demand for reduced carbon emissions. Conventional
approaches (i.e., using chloride-based accelerators or steam curing) often compromise later-age performance or incur high energy
costs. Calcium silicate hydrate (C-S-H) as a primary binding phase in cement dictates the evolution of both microstructure and
macroscopic properties. Consequently, controlling its early formation is a key to enhancing performance. Nanotechnology offers a
promising solution, with C-S-H based nano-seeds gaining significant attention due to their compositional and structural similarity to
the C-S-H gel. These seeds provide a low-energy nucleation substrate, effectively shifting the nucleation pathway from the surface of
cement grains to the pore solution, thereby accelerating hydration without the negative effects associated with conventional methods.

However, the practical application of C-S-H nano-seeds is hindered by their high surface energy, leading to severe agglomeration
and reduced efficiency. To overcome this, polycarboxylate ether (PCE) superplasticizers are employed as dispersants. The resulting
C-S-H/PCE nanocomposites combine a nucleation effect of C-S-H with a dispersing ability of PCE, forming a stable suspension that
represents a significant advancement in the field. Although the existing reviews discuss C-S-H nano-seeds, a comprehensive overview
dedicated specifically to the design, mechanisms, and performance of C-S-H/PCE nanocomposites and their recently developed
derivatives is lacking.

This review systematically summarizes recent progress on C-S-H/PCE nanocomposites. The interaction between C-S-H and PCE
is primarily governed by surface adsorption, where carboxylate groups on the PCE backbone coordinate with calcium ions on the
C-S-H surface. This interaction, combined with the steric hindrance of PCE side chains, stabilizes the nanoparticles and affects the
non-classical nucleation pathway of C-S-H, leading to the formation of smaller, more uniform particles.

The synthesis of these nanocomposites, typically via co-precipitation, is critically examined. Key parameters such as pH value,
reactant concentration, and calcium-to-silicon ratio are identified as crucial for controlling particle size, morphology, and subsequent
seeding efficiency. Furthermore, the molecular structure of the PCE dispersant (i.e., functional groups, side-chain length and density,
and topology) can be tailored to optimize the nanocomposite’s properties. Furthermore, novel nanocomposites incorporating
aluminum, magnesium, or iron into the C-S-H structure, such as C-A-S-H/PCE and C-M-S-H/PCE, are developed. These
next-generation materials demonstrate enhanced stability and superior nucleation seeding effects, paving a way for high-performance
and sustainable applications.

The mechanism by which these nanocomposites accelerate cement hydration is elaborated as a dual-action. They adsorb calcium
and silicate ions from the dissolving clinker, lowering the supersaturation threshold for nucleation, and they provide a multitude of
low-energy sites for the precipitation of new C-S-H gel directly within the pore space. This process significantly shortens the
induction period, accelerates early hydration, and leads to a more uniform and densified microstructure. Importantly, this seeding
effect does not compromise a long-term strength development. Instead, it can enhance durability via refining the pore structure. The
efficiency of this process is affected by both intrinsic factors (i.e., the specific surface area of the nano-seeds), and extrinsic factors
(i.e., dosage, water-to-cement ratio, and curing temperature).

The synergistic effects of combining C-S-H/PCE nanocomposites with other chemical admixtures are also discussed. The
combination with sodium sulfate exhibits a pronounced “1+1>2” effect in low-cement systems, where the sulfate accelerates the
dissolution of supplementary cementitious materials, while the seeds provide nucleation sites for the hydration products. The similar
synergistic mechanisms are analyzed with organic accelerators like triethanolamine, though a careful optimization is required to avoid
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negative interactions.

Finally, the application of C-S-H/PCE nanocomposites across various cementitious systems is reviewed. They prove effective in
ordinary Portland cement and in blended systems with fly ash, slag, and calcined clay. Their ability to provide a high early strength
without sacrificing later-age performance makes them suitable for a range of applications, including low-temperature construction,
emergency repairs, non-steam-cured precast concrete, and high-volume solid-waste binders, contributing to reduced energy
consumption and carbon footprint in the construction sector.

Summary and prospects C-S-H/PCE nanocomposites represent a significant advancement over conventional accelerators, offering
a synergistic approach to enhance early-age strength and durability in cement-based materials. This review systematically discusses
the fundamental understanding of their synthesis, the complex interplay between C-S-H and PCE, their unique nucleation seeding
mechanism, and the factors governing their performance. The development of novel metal-doped nanocomposites and the exploration
of synergistic combinations with other admixtures expand their potential and effectiveness across diverse cementitious systems. These
materials demonstrate clear advantages in enabling rapid strength development, improving microstructure, and facilitating sustainable
construction practices with reduced clinker content. Despite these advances, several critical gaps remain. A deeper understanding of
the dynamic evolution, migration, and in-situ behavior of these nanocomposites within the complex chemical environment of
hydrating cement paste is urgently needed. Future research should focus on imparting multifunctionality to these materials, such as
self-healing or responsive properties, to create smarter and more durable concrete. The development of cost-effective, scalable, and
sustainable synthesis methods, potentially utilizing industrial by-products, is essential for widespread adoption. Leveraging advanced
computational tools like molecular dynamics simulations and machine learning can be instrumental in accelerating the rational design
and optimization of the next generation of these high-performance nanomaterials.

Keywords calcium silicate hydrate/polycarboxylate ether nanocomposites; synthesis and design; seeding effect; synergistic effect;
cement hydration



