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S L. 25 N 2 FLAARE AR IR R A R
AREE) JE MRS BE I, M RE 2 R AR R, X
IR AT ol s 5 A BSRN 28 59 R b BLAS BN
W, S 2 AN A B R R 2 O B KUK (salt
weathering) 2], — 7T, £ KUK A& A8 Rl L6 3t 5
PSR 1) B BEAE S A Sy — T T, e AR R

DOTI: 10.7498/aps.65.089201

ARG (A0S K@Y LIRS ) & — &
IREIRAE F, X BRAE AR A 2 K 1A ) 2218
MR, ATREA S 5850, Fpal e xs T — Ly st o fu s
7= Eh RAR IS B A5 AT AT R AN RT3 H TGV R AR
M. SRAA B R —FhIEH FIRRI R, HEME
T AR R, PR TS G AR FE A e
IREE 5 YL BN R N, TS e ( E AR
FALY RIS ) B @ A 5 SN T il
RAEFE AL PO, XL 3 KA R A 5
FENEREE. BT UL RRE, &k — B RS
FHEFER R ER AL G, G4 38 7 2% i o
Ko P XM EE 22 FKE HT02 (E FU AR BT
KIE.

FEERRACBL G b, RS EL Ve T i 46 e i o
ANIE], G 5 AT N LA 4 (efflorescence) AL
P 458 (subflorescence) P, #hyERTEFL AT HY 45 i
AR, 20 2 FLA5 R B FLEBE IS A% 0] N ), i

s Fp [ R 2 B AR 61 3 RE EE BT R M B (S 1731300500030) [ K H AR R 4 (ibHES: 11290161, 51172272,
10904165) F1E 5 & p Bl 7 R B 1HRI (#E#E5: 2012CB933002) ¥ B,

T #E/E#H. BE-mail: qwang@aphy.iphy.ac.cn
© 2016 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

089201-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.089201
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 8 (2016) 089201

B2 SRR, STHR [3—7) % T ERia R BB
gh b S H T 2 FLAS R B RO A T ) B AR R
JEFGed LN K AR X —RTIR R IT, HR4a i T4
PN 45 i ) SE R R B SR . AR U BT, AL
AN SR FERAF B R B AL, 4RI 5 AL A 45 d ot
Z ALEE BRI B R G, SR ot 5 4t
UL TR 52 ) DL R0 1 G B 1 2 R S AR I8 7 ) A O
MMt LA b7 >R i i g2 vl gE SE A SR .
A, LA & 1 R AR 7R B S T VFLBR 3
[ A4 IE, FEAE AR B AT . X — kR
T ) T HAS (1) Bl 7 5 2 A RN 4 S LR () 0t
L gE SR R e 7). IR LA 45 o B 5 L A2
FIEAL.

WEER TR IR L& MR &, HAEER X
B G P T BB A, Bl NaCl ) ik
HEh 23 B 32 A A, Wi X #5655 (salt spray) VT
FIRIE U A DA S 38 KA 1) R 55 4k, A
FH E5 V8 AT DA AR 7K 1R 8 ] A R M 5T, Na Ol
Iz M FAEBR UK B BR 5 7, AR RGO T H
V38 B8 B R I BR UK R S5 R, b SR i — AN
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NaCl, NaNO3 7E fL12 4 2 nm F#E R UKL R [T (1)
45 B RS EEONIREU AR RL (NaNOg) B0 /N R
it (hillock)(NaCl); £ 4 19 nm FIFLAMU 7351 1 EL
RLH) AL BEA FLAR R RE— D88 n, 52 I8

TG, T NagSOy (45 i 245 B8 AL 42 1) 22 46
W5 AN, W 1 (c) R, NagSOy fEfLIEN
2 nm FLAMEIZ B2 B FLARROHE K, k&
T 147445 it DU BN PR R B30t R 14 2 A7 A

— -
20 pm A 2D MR

1 NaCl (a), NaNOs3 (b), NagSOy (c) /KA A FFLAE 2 FLIE R BUR R 10 B JE U 25 iR 4 2 FLI B
BLHEFLAE B8 (1) 2 nm, (I1) 4 nm, (I11) 9 nm, (IV) 15 nm; =F AR A E 5 78 NaCl, 1 mol /kg;

NaNOs3, 3 mol/kg; NasSOy4, 1 mol/kg

Fig. 1. Crystal morphology on the surface of porous silica gel particles owing to the growth from aqueous

solutions of NaCl (a), NaNOg (b), and Na2SOy4 (c). Average pore radii of the silica gel particles are (I) 2 nm,

(II) 4 nm, (III) 9 nm, (IV) 15 nm, respectively. Concentrations of the three aqueous solutions are: NaCl, 1
mol/kg; NaNOs3, 3 mol/kg; NaaSOu, 1 mol/kg, respectively.

Fi4b, NaCl, NaNOg 145 i 02 A 235 4T, 3
H1 NaNOg oA i 35, 5 H JE 350 56 A 5 ek e Johs %
T B, HL 2003 TH A7 TR DL 1) 1 4% R (striation).
XA SR A (R SRR R 12 [ A e SR T
HRAKD Sn WAITEFZERL. AR H IR
T AR I (O RE SR A KR AR, &
200 P A K A2 ) SoRE 1) FE A 205, e ) 5 1 L AR
FRRR I 1] R S A B O 2R K E 7). T Nag SO, M)
AR, F A AUTRE iR T A AR K, I HAR A
ERE— (LB 1 (c). E1#ER =R th7E
YR ALAN GG TR AR B AR AEK TR, H
T NaClF1 NaNOg [ 45 & i 200 # o2 v 3 B T R
U 2% T B0 7 1) A, DR e R = A R A )
FIE RN, 135G T 2 5L 45 A6 3% 3 1 F %

/N T Nag SOy & 2 A RF 1A] A2 4K 2 0 ik R ROk 7 A=
— 8 BB 1A L F3, AT XS Ao i ARk 7 A 5 i A AR
PE. B 1 (c) HHTR 1 Nag SOy dis A KAV B PR IT HY

3.2 EEEFHETHRNAIIERLS
SRBKERXR

FE3LW A H T =ML B S
BEfL42 A A5 4E: NaCl(1 mol/kg), A 28 -4 i
i - K 20, NaNOs (3 mol/kg), &b - kot - 46
Bl - K fl 2 NaoSO4(1 mol/kg), &2 - & A& 5
- AR AN AE AR EE R (0.5 mol/kg), NaCl
FEFLAR A 2 nm (AR IR RURE 2 T 114 45 ot 2% DA okt
T RAAAE. B2 (a) g5t T [EE LA (9 nm) S48

089201-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 48 Acta Phys. Sin.

Vol. 65, No. 8 (2016) 089201

N NaCl FJFLAM 45 5 Bl R FE 1) AR A R, B IR
FERIE K, NaClHISE SRR LD T “h iR o8 - 5
00 - FOU) SR AR AR T R L N TR R B T
% 4 mol /keg i, ek I FORE 2 T 2 HH B IR 30 ek
VAER ¥ R eSS PIREPISIA DR R =2 N
FUU R JUART A0 S e T NaCl 8478 (1 T 100 37 7 45 79

2 AN [ AREE  B E VA 22 LR T UKL 2 TH ) &5 T

BEAE. S5CSERERR S T LA e IR o A5 ) 7 1T

i, MTTTASEAS A R R T UKL [ 47 76 YRR T R B
FE— R T U R AR T 5 7 HOUT R, X — I RAE
R NaCLIRE s i o 3. BB TR 2 1 B A1,
IR IR GS. XU R R 2, NaCl
R FLAN G B TS AFAE — AR B AR

. \

JEA&  (a) NaCl WK B4 528 (I) 0.5 mol/kg,

5 NaClZE L, NaoSO4 1R

(II) 1 mol/kg, (III) 4 mol/kg, % fLAEMBURL AT 191429 9 nm; (b) NaoSO4 KL S 74 (I) 1 mol/kg,
(II) 1.5 mol/kg, (III) 2 mol/kg, £ FLEERBKLFF3FL42 4 4 nm; (c) NaNOg IR E 535315 (I) 1 mol/kg,
(II) 3 mol/kg, (IIT) 5 mol/kg, % FLEERBURLIKIFIIFL1EH 15 nm

Fig. 2. Crystal morphology on the surface of porous silica gel particles owing to the growth from aqueous
solutions of NaCl, NazSOy4, and NaNO3 with different concentrations: (a) Concentrations of the aqueous
NaCl solutions are (I) 0.5 mol/kg, (II) 1 mol/kg, and (III) 4 mol/kg, respectively, average pore radius
of the silica gel particles is 9 nm; (b) concentrations of the aqueous NasSO4 solutions are (I) 1 mol/kg,
(IT) 1.5 mol/kg, and (III) 2 mol/kg, respectively, average pore radius of the silica gel particles is 4 nm;
(c) concentrations of the aqueous NaNOs solutions are (I) 1 mol/kg, (II) 3 mol/kg, and (III) 5 mol/kg,

respectively, average pore radius of the silica gel particles is 15 nm.

PN 1 mol kg

(NagSO4-10H,O, mirabilite) 77 7E, M 248 FE A%

I, 4t 3 TH A AE T RERE (1 SRS B 6 R L ) 1
TN, T R R 2% T 2 H B AR R AR K R 4H K R 2
LR EEILF) 2 mol /kg I, 4 i LLRST AR B2
F AT R JUART T & A8 A7 AR (B2 (). 5
Ab, TERE IR BE 26 A R, R Nap SO, VMY
PF it 2 T 2t 3 PR R T AL £ R A T
BURL T, A SOk ) 78 5 m 1 5 % 1
T (RH > 50%), BiBRM B2 LLKEWHIE R

i (RH < 50%), ML 7K NagSOy (thenardite) i
TEAAFAE. FEASCI AR, FF 5 BT AL R AR 2
#o =T 50%, FH UL AT A, JE iR R A 1) A 2L A2 R
T () s 7 88 NagSO4-10H, 0. I H., &Ky
s 20 RN AR I 5 AR e Bt T Niap SOy - 10H20 FiT i 1)
FARE i R ) S R RRALE

At F NaCl il Nap SOy FF 5, BIE 2 75 5 5
I E 2 2F R, NaNOs # 5 it 38 M 52 31 2 fL
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e JIR RSO 285 it TR IR . 3% 202 ol T E S
WZTEE A (F5 % 5 mol/kg) K7 NaNOs LL4HK:
(36 il i AU RAZAE (B2 (), AN DA RE AR
FLIK) H B, NaNOg 45 dh A H IR dt 4k, 3X ] e
5 NaNO; fit I i) =84 5 5235 J7 2546 IR0 BRI
IR K. AEJ2 T 3RAS BN SR I FLAN S b R
—EERCK R UL L, R 4 e s S
SXoF IS RO 2285 KA A BB TR — — X L. B T oA HH B
T & X — s 2 A, NaNOg 19 FLAN 5 5 AT A BE I

5 [iYisa

JE FI M % 2 5 NaCl Al NagSO4 25181,

FER TR FE 2 F T, NaClIF A 0 b 4
SEERPHT A A 2 LW 2 (2) FIHE 3 (a) BT 7
TEHE. A SCIANIX AR BT NaCl 45 i A K E L
T A KA AN . 45 A KIS AR P /R IS
BV AN TS, 2SR R T AR S SR BN T, WA
(1 4iia i 2h 3 A 1R 2 T2 B B 4 AR K AT . IX
T BT 7 1) 358 30 B 7 A — NP AR R X 3
NI T B2 [ 58 2 30 1 5 TEAEE.

B3 RN ER A 2 FLRE R R T A 2SS (a) NaCl 3K E N 4 mol/kg, £ FLEERURFFL12
299 nm; (b) NagSO4 K E N 1.5 mol/kg, ZFLEERIRT-FL428 4 nm; (c) NaNO3 %K E N 5 mol /ke,

Z LT FL4E 9 9 nm

Fig. 3. Crystal morphology on the surface of porous silica gel particles owing to the growth from high-

concentration aqueous solutions of NaCl, NazSOy4, and NaNOgs: (a) Concentration of the aqueous NaCl

solution is 4 mol/kg, average pore radius of the silica gel particles is 9 nm; (b) concentration of the aqueous

Na2SOy4 solution is 1.5 mol/kg, average pore radius of the silica gel particles is 4 nm; (c) concentration of

the aqueous NaNOj3 solution is 5 mol/kg, average pore radius of the silica gel particles is 9 nm.

K3 (b) 27 T NapSOy 7E £ fL At IR it 3 1
R AR K 2 b AT AT 1 5 — T TR 2R
NaoSOy 45 i AU A R M R, JF H AT LR
Tl 5 Btk . X AT AR 2 BT Nao SO fEAE Kt
R e, R A TR i 2 T PR HROIR i A TOU RS T 36 i 11
XA B Nag SOy 3 A KA A — AN IE.

B3 (c) & 7~ NaNOg3 1) 25 & &6 20 2 A A [F
T NaCl #1 NaoSOy 1 45 # F¢ k. & o fir 7m Ky
5 mol/kg ] NaNOg ¥ W 7E FLA2 N 9 nm [ 2 FLEE
e ks 2 K H 40K 2. A T B AR Sy
SCEEE, 3 SRR A RS N ROK 4. AT
I3 R ™ H I A5 (node), 4352 B — LB
TRIBREE LS. X — 25 FRFAE U0 B NaNOg & 20 1)
AR AR Sears 1214 $i H 0 T A= K AL B 5F FLY7E
HoA K it #2 b Plateau-Rayleigh 45 £ 15161 4% 1
HEHERER. BT & NaNOg 1R HIHE IR Pk 2 &
TR %M (RH = 70.8%) F, 3 H NaNO;
FHEE T NaClHI Nao SOy F A 5 4 1 Wt 1%, 45
1 NaNOg it 0 [ A5 K i o ISR T P 5 A 8 )
2, WEWAFAE SR IR E RS, X2 BRI EE
HHAEPE R THISK IR 5. 76 3R TH 5K 086 5 1 3R 30 8 F

VR S AURIE B, 2RE R R R
I, BAAREE VEE ORER T K, £ 8 0ET E

T BGHT B d A AR K 7 T, FF L T8 I 3R i
gk JIREXT LN, DRk d A VR BIT ) J7 Ta) AR K B R o
FR 2 THT REBLAIS, AT RERSAE T+ i AT B A 43 3¢
5. Ak s KRB Sz, 54t
T HBEAATE /N (JUEGIK), BT DAE S 5 R
ZAE N AU 5 Kk E Plateau-Rayleigh KA
T RSB 5 () B 45 4.

4 % @

AL T 2 R T A TR FLAR 2 LA R
7 T R AN [R) R B ) NaCl, NaNOg, NaoSOy A [
FLANE AT 1, ARTE SEIR 25 RT3 HH DL R & ik

1) FEAR K 175 7K NaCl Al NaNOg R 25 75 55 K
LR 2 AU SRR TR R A0, X T3
LTI (R FLANES SRR, 52 BRT R FLBR A (v Ak R
g Rt G KA 2 1S A AR, 5T R E
)52, FEARIK LTS K NagSOy R E R /N LRI £
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Plateau-Rayleigh 2 £ il f).
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KER B TAREPEILN G 5, SAUR RIS
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Abstract

Owing to its destructive power to porous structures such as buildings and rocks, salt weathering has attracted con-
siderable attention in the community of civil engineers and geomorphologists, who devote their efforts to conservations of
architecture and engineering structures afflicted by salt attack, and to the investigation of natural landscape caused by
the same group of processes, respectively. Precipitation of dissolved salts is a direct cause of salt weathering effect. Crys-
tallization phenomena in salt weathering can be crudely categorized under efflorescence and subflorescence with respect
to the distinct precipitation sites, and the latter is believed to be able to cause more destructions to porous structure.
In contrast to subflorescence for which even models of statistical dynamics have been well-established, efflorescence has
drawn less attention, partly because of the complexity of constructing a sound theoretical model to describe the mass
transport process there involved. As a serie of sodium salts is the main culprit of salt weathering, the current work deals
with experimental study of efflorescences of the aqueous NaCl, NaNO3 and NaySO4 solutions on the surface of porous
silica gel particles. We investigate the influences of salt concentration and pore size on the crystal morphology arising
in efflorescence by using scanning electron microscopy. It is found that though NaxSO4 effloresces on the specimen
surface, its inclination towards subflorescence makes the whiskers appear on specimen with smaller pore radii at low
concentrations, which differs obviously from the cases of NaCl and NaNOs. Moreover, unlike the upright growths of
NaCl and NaNOs crystals, the whiskers of Na2SO,4 are always oblique to the specimen surface, and the large lateral
stress to the specimen thus induced may become another factor of its destructive power apart from the subflorescing
trend. The crystallization behaviors of Na2SQOy, i.e., both the oblique whiskers and regular crystallites, indicate that
mirabilite (Na2SO4-10H20) is the main precipitation, which is consistent with the high relative humidity employed in
this article. Remarkably, the thinnest whiskers of NaNO3 exhibit the branching and ball-chain structures, indicating that
plateau-Rayleigh instablility occurs in the growth process. Our results are expected to inspire more deliberate studies

for the full understanding of detailed processes and mechanism involved in efflorescence of aqueous salt solutions.
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