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Fig. 1. Experimental setup for optical microscopic observation of bridging processes between NaCl single crystals
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Fig. 2. Optical microscopic images during bridge formation processes between NaCl single crystals connected with

nearly-saturated aqueous solution of NaCl under various humidity levels and in two orientations. Solid lines indicate positions

of original NaCl crystal surfaces. In slanted orientation (case A), crystallization occurred along the single crystal surfaces. In

the parallel orientation (case B), small crystals were first formed at the liquid surface in the shape of hyperboloid of revolution.

However, bridging occurred mainly by the growth of single crystals. Part of the solution remained in the bridge. Pictures in

case C show networking of small crystals in less humid condition. In case D, cylindrical bridging process was observed.
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Fig. 3. Mechanism of bridging processes between NaCl single
crystals connected with nearly saturated NaCl solution.
Evaporation of water at the side face causes super-saturation,
resulting in micro-crystal formation at the liquid surface. NaCl
crystal growth also occurs along the contact lines between the
substrate crystals and the liquid. The two crystallization
mechanisms compete depending on the balance between the
rate of evaporation of water and the rate of diffusion of Na and
Cl ions in the solution. Much higher super-saturation is required
for the micro-crystal formation.
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Fig. 4. Optical microscopic images during bridge formation processes between NaCl single crystals connected with

nearly-saturated aqueous solution of NaCl under controlled humidity. Solid lines indicate the original position of NaCl

surfaces. White rings are reflected images of the light source. Under the lower relative humidity of A. 28.9%, and B. 42.0%,

solid fringes grew from single crystals on both sides, until they meet and form a hyperboloid of solid NaCl. Under higher

humidity of C. 60.2%, the crystallization is much slower, and the liquid bridge was disconnected due to surface tension of the

solution. The ionic diffusion is fast enough compared to evaporation of water.
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Fig. 5. Optical microscope images of NaCl powders with and without applied stress. Circles indicate positions where

separation between NaCl particles decreased.
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Fig. 6. Optical microscopic images of growth and decomposition of NaCl:2H,0. Solid lines indicate original positions NaCl

single crystal substrate. A. 5 min. after super-cooled NaCl solution was inserted between cooled NaCl substrates, small

crystals were formed in the solution. B. The small crystals slowly grew bigger on the bottom substrate while water evaporated.

C. The crystals decomposed into NaCl powder when the temperature was raised to 3.5°C.
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Fig. 8. Humidity change in NaCl powder kept in a glass tube with and
without addition of CaCl,, an anti-caking agent. Without CaCl,, the

relative humidity in NaCl powder increased quickly. Addition of the

anti-caking agent effectively suppressed penetration of water vapor into

the bulk.
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Fig. 9. Scanning electron microscope images of NaCl crystals grown out of nearly saturated aqueous solutions of NaCl added

with potassium ferrocyanide (FC) and kept in a micro-porous cellophane bag. Whiskers can grow at FC concentration of 80

UM, but not at FC concentration of 100 uM.

RC&E, ZTOFER, 7oy T ALWRE RO Tl
NaCl (100) [ COHJFAAT 7 OB i\ L E £
THRIENDZE D, 7m0 T o AT WL FLUE D BRE
3% NaCl IRA 2D —DIGIRIC K &7 8% 5.2 5L >
D K= =B — VIRATIE R T NaCl (120) HizZE(bE
BHZE VRl ERHLTEE, ZRHDZ ST~ R,
Bh IEZh A B B D LD, 2T, A RIOMFFE T
IR T T NaCl i fn R B L O 7 7 4 Ve
RA AT — R B 7 a7 oA F PR DB B %
<7z,

Fig. 9IZ7 =my 7 U AA PR EE 80 yM B8 LTV 100 pM T
RA AT — R EREAT - L E OB 5 E AR

To IREDDT DB IV RN RE R 2> TS,

KEEHRDNHD NaCl RO TR T 7 =r 7 A4
S OPEFEN 100 pM I EE LT BRI CIERR R 2B A D T,
ZDWRENRHDHFED TR T2, BRI AR TR
BHIERIELTHWSEXIE, KR BICH L T ORE A #E
FF AU IV o T, NaCl &ITHARDHETDOT TR
ERETHEEZLND,

7. 5% DRE

LIS ES ERMRTIELZ B LIz, 4 %ITER
DEFERG LA 2T R A T, TIENDOVE DAL
ZALEFRDEIENMETH D, o, ZTIVETITEMES
MRS L~V TOIFHREE D T, BEREBR AR AR
BRI D2 EMERER PO RRE I HEZ DN BETE &
EZTND,

X
(DRI NN |- AUV o SN -2 S L5 A I K o= ]

R JE A BT (Vv b A = ZBJF 92 JF 1
2003), pp.79-89.

2) B ER L FFER L O RE L UL O AR 164F B2 B)
RAF 7R S T (Vb AW SR
2006), pp.103-112.

3) Shindo, Arai, Sato and Yamazaki,
4256 58, pp.585-591

ZOF i SN TN A0 [ 1IN S NN IS BN NN Y B
FEE R IR EET( VR A A 5E
AL 2007), pp.63-68.

H A 1 K

- 81 -



No. 0703

Functional Mechanisms of Anti-Caking Agents for NaCl

H. Shindo® H. Mineo®, Y. Saito®, H. Suzuki®, T. Sano® and K. Nakamura®,

*Faculty of Science and Engineering
® Graduate School of Science and Engineering
Chuo University, Kasuga, Bunkyo-ku, Tokyo 112-8551, Japan

Summary

In order to study caking mechanisms of NaCl powder, bridge formation processes were simulated by
connecting NaCl single crystal surfaces with aqueous solution of NaCl. Optical microscopic observation during
drying processes revealed micro-crystal formation at the liquid surface in hyperboloid shape, and the crystal growth
from the single crystal faces along the outer surface of the liquid, the latter being the main process. Typically,
cylindrical bridges containing considerable amount of the solution inside were formed. The growth mechanism
was explained considering super-saturation and diffusion of Na and Cl ions. At the contact of the liquid with the
substrate single crystals, no super-saturation is required for the crystal growth.

In the caking of NaCl at low temperatures, formation of NaCl+<2H,0 is considered to take a part. The above
experiments were performed at below -10°C.  Formation of the di-hydrate crystals were observed, but the growth
was very slow. The growth occurs by loss of water by evaporation, not by the temperature lowering.

In order to study the function of CaCl,, an anti-caking agent, humidity change was monitored 16.5 cm deep
inside NaCl powder with and without the addition of the agent. In pure NaCl, relative humidity in the powder
quickly approached the outside humidity of 70% in a few hours. With CaCl, added with the concentration of 1
wt%, however, the inside humidity remained intact for 150 hours, and increased gradually afterwards. CaCl, traps
water vapor as crystal water and keeps the humidity low.

Effects of ferrocyanide was studied by observing solution growth and whisker growth of NaCl.  Effects were

clearly visible in both experiments at and above the concentration of 0.1 mM.
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