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Fig. 1 Principle of microwave heating.
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Fig. 2. Multimode microwave heating system.
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Fig. 3. Microwave vacuum distillation system.
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Fig. 4. Microwave heating behavior of salt water.
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Fig. 5. Microwave heating behavior of Sea water.
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Fig. 6. Surface temperature distribution on each sample after microwave heating to 40°C.
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Fig. 7 Salt crystals precipitated from seawater by microwave vacuum distillation method.

Table 1 Max temperature, processing time, and energy consumption of different heating sources for salt crystallization

by microwave vacuum distillation method.

Microwave
Mantle Heater
400 W 600 W 1000 W
Max Temp. (°C) 72 83.8 86.4 63.1
Heating Time (min) 69 38 25 61
Average Power (W) 399.8 595.7 997.6 402.9
Power Consumption (Wh) 458.8 377.3 422.6 407.0
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Table 2 EDX results of each salt crystal precipitated from sea water.

at. % Common Salt Microwave Mantle Heater
Na 43.70 40.40 28.60
Cl 47.86 49.50 49.60
Mg 7.33 8.04 13.32
Other 1.11 2.06 8.47
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Fig. 8 SEM and EDX images of each salt crystal.

Fig. 812, T ENDOfE L% SEM TR L7 Ei R &,
Wt RO~y T — 2 i E RS, TR T,
NaCl ST EEEE L CODEEF R B, fE o
XA TR, RAEH ONTEY, ZiUdiEKE
RN TESHDHEE, FEONITRIET D TREITHIZ
LIZE S T RO BRI TV ST fE R LB 2 6D,
W LTI AR BIIAE R DT e CTH R E N
WAL, & CHRTETHEME T 5720, InEsS
MITREDESNTEY, B2 E bk Z 4 B K o
—DEEZDH WV Fi, EEEICE ORI R
AR TR D O RWME B DFAEL TVD, v
7T —=HE0, ZOMNBEWITERS D Mg THY, NaCl
BLNIRAFLIZIZN VR Ay ThHEE 2 Hivd,

<A NN IV EL NS SR T, TS
B LT/ IS NaCl A AEEL TWDZ &N DN,
ZOMAITH IR G ERERICHAZH O CERY, ALl T
WL TWDHEWVWZD, v A7 a B XIMR D EAN
MO TIE7RL, NEEOWE A RN RBET D720,
NaCl i f XA P CHEAEL, lE 22885, TD
729, L O/INSIRAESRIDFEAEL , EEWVeRLE TS
IRINTHADEN, AAEH O TEETDHIED, BHEL
TWRWNZH DL T IERIEL LB TR 2R o7
FHNTHDLENZD, FTo, v vE 7T —ZhbT I

CIAER ISR SR Mg 3O 3 I Ai L CND I EN
DD, WP E W2 BNOEHE T 5720, ZORiREIC
WO DT NICE AT EFEN L TWDIENR
SINTND,

&%, v Mre—F— B CHEL NS il T,
EFL 2 DOGELERY, AR HTEIR THD NaCl
AEEDNERE L CODRE R &7 ot BRRE O ETII#iA e
NaCl i fb 135 EOER A/ NSWZETHKZ LD
JEUDINTIRDEEINTEY, AR A~OEEN TS
AR B D, ZO LI IR Lo T=BR LU T,
~ ML —Z — B TIIAMNB D EE N 2 5728, BE
I 23 e b IR EE A3 <, Z DR M DB S 2T H LT
WAHBZENEITFTOND, v A 7a ML R~ ML
b— & — M THIEEL TRV, HTHL7Z NaCl
FEEIXZ DL CTHRE RS, ANRNLZEL2L, i
AIRTGIRERDOZENTETND, Fio, vvE 7T —
210, <D Mg BMFEMEL THERAFL TLAIEDRIRE
Nz ZH OB AR ICEE RN HERE L 7212230 K 4y & %<
WAL CLESTOEEE LD,

UL EDOFER NG, ~ A7l N CH B AL fb
DFE, TR ORE IR, BTITEBIL THhHZ e
BT oT, KRR, IR X — &5
bIEKRE LA F ORI ARG T LR HY, R
Tt AIBTLNEEELCORALERTIENT
=77,

4, ER

AR TIX, A7 MENZ L DMK DT LD
BT D W TR S A 1TV, INEVRRPE O dh D
JoAR - B L TR R A T& 72, ZRVET, NaCl %
BATEHEIRTIE, v A7 mR ARENE L LD
DAEERWZRIMBUVIREECHLESNTEY, IR
BNV (M QA ISy e

KRR, BRMEAUINT DL TH O 2 faFoik ig
EATECTELLIZBHEAKIIHL, A7 NEE R
ToAB S, PP ECITHIAKD 2 FLL LD Z M EE LT,
— 5T, AR SR E Rk ETmdLe
WK T, ~A27a B k- THK SIZIEZE b7
VIRE B ZEE AR LT, 2OZEnh, AKFICE E
NDLRRIIR TNV FH BRI ELRITT LT,
FEHR 38— 72 MBS T RE 720, [R1 I FE DA K & b



e LRI [ TR I BE D T REME D RS T, KF
IZRIREWAKICBWT, vA7al OB —7 5 fFI2D
RESANLEL, TRLX—ZhROMm LR TE
LHIENRHGMEIRST,

72, EEOWE 7 o 2D EALICATIT o T2 HE
KT TOMBUZB T, FARICEXRMATHL
Mre—2—% VD56 LTI R CIHEE ) ER2RD,
SNENEF ] O FELRE 23 AT BE T HZEDVRE T2, £2, 2O
BRI~ A 7 aBNBNC Lo TRBIVIHERE b, RIS
FARIL 7o AR 0 B R OB IR 2R LT, ZaHI13H D Ja
R, BRICRESE B L G A LEHATHY, filREOREE
SA7EPEINEATH I TEHT LT, TERMBYED A
EELTHWAZ LN TED ATREMZRIZL TWD,

INBDORRIE, A7 aB NN ORYE T ne X
(CBWTHERZRFIETHL RN ZRIRL TRY, i
B H LT X — K T IR RIEICE
WTEWA M ZA 55 2605,

5 SRORHE

ARMFFETIZ~ A 7 o PINENC I 5 BLffEn 70 2 8)
EHOHTHIPEIC SOV TRET 21T - 7228, B
FTEBRANBETH D, R, EEMELORKEL
LN & 2B — o b, RS LS
el OMEEHIEZ &, RSB O EIC T 72T
o ZHIE BN OMESLARD D, £, ol
B AL DR F LI, bR T —nT
v TR OR=PERL L VR b HERRETH D, 4
®IT, FrTRELRBEIEAIH OB RN D, BRI
F— LMABDETIMEATT DB AL, MR %
&M L2 o B EE =7 L O/ & HEFIC A,
JERATREME &2 IRTT CWS MR H 2,

6. X #k

1. C. Oliver Kappe, Controlled Microwave Heating in
Modern Organic Synthesis, Angew. Chem. Int. Ed., 43,
(2004) 6250.

2. R.Roy, D. Agrawal, J. Cheng, S. Gedevanishvili, Full
sintering of powdered-metal bodies in a microwave

field, nature, 399, (1999) 668.

10.

S. Chandrasekaran, S. Ramanathan, Tanmay Basak,
Microwave food processing—A review, Food Res. Int.,
52, (2013) 243.

D. Wray, H. S. Ramaswamy, Novel Concepts in
Microwave Drying of Foods, Drying Technology, 33,
(2015) 769

X. Jie, W. Li, D. Slocombe, Y. Gao, 1. Banerjee, S.
Gonzalez-Cortes, B. Yao, H. AlMegren, S. Alshihri, J.
Dilworth, J. Thomas, T. Xiao, P. Edwards, Microwave-
initiated catalytic deconstruction of plastic waste into
hydrogen and high-value carbons, Nat. Catal., 3,
(2020) 902.

T.J. Appleton, RI. Colder, S.W. Kingman, LS.
Lowndes, A.G. Read, Microwave technology for
energy-efficient processing of waste, Appl. Energy, 81,
(2005) 85.

Keiko NAKAMURA, Effect of Sodium Chloride on
the Sample Temperature and Absorbed Energy during
Microwave Cooking, J Home Econ JPN, 2003; 54:
351-356.

S. Roy, M. S. Humoud, W. Intrchom, S. Mitra,
Microwave-Induced Desalination via Direct Contact
Membrane Distillation, ACS Sustainable Chem. Eng.,
6, (2018) 626.

Y. ASAKUMA, S. SONOBE, Y. SHIBATA, A.
HYDE, C. PHAN, Irradiate Microwave to an Interface-
Interfacial Modification in Chemical Process, Bull Soc
Sea Water Sci Jpn, 2021; 75: 2-7.

H. T. Lawless, F. Rapacki, J. Horne, A. Hayes, The
taste of calcium and magnesium salts and anionic
modifications, Food Qual. Prefer., 14, (2003) 319.

M. Quilaqueo, L. Duizer, J. M. Aguilera, The
morphology of salt crystals affects the perception of
saltiness, Food Res. Int., 76, (2015) 675.



No. 202415

Verification of a High-Efficiency Salt Manufacturing Process

by Microwave Heating

Kohei Nakagawa
Research Center for Development of Far-Infrared Region, University of Fukui

Summary

This study explored the potential of microwave heating technology to improve the energy efficiency of
traditional salt production methods. In Japan, salt has long been produced from seawater by heating processes that
require substantial energy to evaporate large volumes of water. Such methods, particularly for small-scale or local
production, pose challenges in terms of environmental impact and sustainability.

To address these issues, this research focuses on the unique characteristics of microwave heating, including
internal heat generation and high energy concentration. Experiments were conducted using seawater and saline
solutions. The results showed that in saline solutions, the time to reach boiling increased with increasing salt
concentration. However, seawater with the same concentration was heated more quickly. This is likely due to
the dielectric properties of minerals, such as potassium and calcium, in seawater, which enhance uniform heating
under microwave irradiation.

Further experiments were performed under reduced pressure to induce salt crystallization in seawater using
microwave irradiation. Compared to a mantle heater, microwave heating achieved a significant reduction in
heating time, even with similar energy consumption, owing to the output control. Electron microscopy and X-ray
analysis revealed that the obtained crystals resembled those of commercial sea salt in both composition and shape.
Notably, the magnesium (nigari) content was close to that of commercial products, suggesting potential advantages
in terms of flavor.

These findings indicated that microwave heating is an energy-efficient and effective alternative for salt
production. It holds promise for self-sufficient salt supply in energy-limited settings and sustainable small-scale
salt operations. Future work will focus on optimizing the equipment, improving the process control, and integrating

renewable energy sources to develop a sustainable salt production model.



