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Highly pure silicon and silicon compounds are required in the fields of high technology
products such as semiconductor and optical fiber. Rice hulls contists of 71-87 wt% of organic
components such as cellulose and 13-29 % of inorganic components. 87-97 wt% of the inor-
ganic components is silica (SiO2) . The reactivity of rice hull $iO: is assumed to be higher than
that of mineral SiO because rice plant accumulates it in a living body. The rice hull SiO: has
high possibility to use as industrial raw materials though rice hulls are now utilizing only as
agricultural materials or waste materials for now. To utilize the rice hull SiO: in the field of
high technology industries, the production process of pure silicon compound from rice hull ash-
es is proposed in this paper. The process is that SiO: in rice hull ashes is reacted with Cls un-
der coexistence of C to be converted to SiCls,

Si02 +2Cl> +2C —SiCls +2CO

SiCls is distilled to be purified. The effeciency of the process of SiCls production from
rice hull ashes was much higher than that from mineral SiO2, and it is found that coexistance
of potassium salts and sulfur accelerated the chlorination of SiO».
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Fig.1 Scanning electron micrographs of outer and in-

ner epidermis of raw rice hull and rice hull ash ®.
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Table 1 Industries concerning SiO: in rice hulls.
1. Cements

2. Calcium silicates (Building insulator materials)
3. Sodium silicate
4. Zeolites
5. Fire back
6. Filter
7. Polishing powder
8. SiC whisker and Si;N, whisker
9. Sintered SiC and Si;N,
10. Metallic silicon
11. Silicon tetrachloride (Raw-materials of artificial quartz)
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Fig.5 TG and DTA curves of rice hull in Ar flowing

of 50 ml min-1.
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Samplc weight: .51 mg, Heating rate : 10°C/min, Thermocouple: P1-PIRR 13%

Fig.6 TG and DTA curves of pyrolyzed rice hull
(PRH) in air flowing of 50 ml min—1.
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Fig.7 TG and DTA curves of rice hull in air flowing
of 50 ml min-'.
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Table 2 Chemical composition of rice hull ashes.

Sample No. Ig.loss Sio, ALO, Fe, 0y TiO, Ca0 MgO Na,0O K;O P05 Total
1 299 92.96 0.14 0.05 0.01 045 0.19 0.29 2.38 029 99.75
2 4.18 91.69 0.14 0.06 0.01 0.58 0.26 0.09 2.54 0.52 100.07
3 261 92.94 0.17 0.11 0.01 0.72 0.34 0.27 2.29 0.38 99.84
4 359 92.46 0.65 0.48 0.03 0.89 0.14 0.30 2.81 0.35 99.70
5 329 92.67 0.04 0.65 0.01 0.59 0.60 0.20 1.85 0.33 100.23
6 5.04 91.26 0.58 0.60 0.09 0.54 0.32 tr 1.04 045 99.92
7 0.50 97.12 0.14 0.04 tr 0.31 0.35 0.04 1.1 0.37 99.98
8 2.14 93.74 0.40 0.1 0.02 0.53 0.35 0.05 1.93 0.29 99.60
9 4.24 91.50 0.34 0.19 0.03 0.74 0.54 0.06 1.85 0.49 99.98
10 4.57 90.86 0.49 0.26 0.03 0.78 0.12 0.12 2.31 049 100.03
11 2.06 93.85 0.1 0.08 tr 0.99 0,30 0.08 1.86 0.70 100.03
12 26.79 70.45 0.09 0.05 0.01 0.74 0.13 0.05 1.03 047 99.81
13 1.96 92.26 022 0.17 0.0t 141 0.46 0.07 2.30 0.92 99.78
14 86.9 tr 0.2 0.12 0 0.58 02

! ! ! i ! ! !
97.3 0.54 15 1.96 1.75 2.5 2.85

Origin of samples ; 1. Tosu, Japan, 1980. RH was first let smoldering for a few minutes in a gas-burnt frying pan. The ‘charred’ RHA was further heated
6007C for 15 minutes. 2. RH from crop of 1981 in Tosu was treated as well as the sample 1. 3. Miwa-machi, Fukuoka-ken, Japan, 1981. Obtained from ;
cyclone burner. 4. Sapporo, Japan, 1983. from a fluidized-bed burner operated at 750°C. 5. Yahagi, Japan, 1983. From a fluidized-bed burner for paddy
drying. 6. Grey-colored ash from Jawa, Indonesia, 1974. 7. Malaysia, 1982. Open-field burnt ash. 8. Thailand, 1985. RH was first let smoldering for a
few minutes on a heating plate. The ‘charred’ RHA was further heated at 650°C for 15 minites. 9. Thailand, 1983. From a RH burner for 3,000KW electro
power generation plant. 10. Myammer. From a RH burner for 445KW electric power generation plant. 11. Brazil, 1985. Open-field bumnt ash. 12. Brazil
1985. Open-field burnt ash. 13. Brazil, 1985. RHA from a Portland cement factory where RH was used as fuel. 14. D.F.Houston, "Rice Chemistry and
Technology”, American Association of Cereal Chemists (1972).

Table 3 World rice production as paddy, rice hulls
and rice hull ashes in 1992 (Unit =1,000t) .

Country Paddy Rice huli Rice
China 188,150 37,630 7,526
India 109,511 21,902 4,380
Indonesia 47,770 9,554 1911
Bangladesh 27,400 5,480 1,096
Vietnam 21,500 4,300 860
Thailand 18,500 3,700 740
Myanmar 13,771 2,754 551
Japan 13,255 2,651 530
Brazil 9,961 1,992 398
Philippines 9,185 1.837 367
USA 8,123 1,625 325
Korea (Rep.) 7.361 1472 294
Korea (D.P.R.) 5,000 1,000 200
Others 45,988 9,198 1,840
Total 525,475 105,095 21,018

*) Asahi Almanac 1994, p.722.

It was assumed that 20% of paddy is rice hull and 20% of
rice hull is ash by weight respectively.

b, BAE, BRI FAN, Tr 4TIV IR
HEDRIREESTFTHVONLSIEEIIH1 Fton T,
CHUISIO BE 22 Tton L RAFETH S, MHmTICETND
YN REREEDT A FRE UTHIETE 2 5l %
ENBL6IE, THAROKREEHRO T 4 FFILE 0%
ZAHI A,

DA OFERES L, BE, PUY=A R, 2RI

Netsu Sokutei 23 (3) 1996

121

74N, SEREND L, PBOBEIIE, HWkE800TUT
TR S 5 LIERE D SiI0 5, 900 CLLE
TIZUAMNTA MIERET S, YD ORISR
B 036, FECII VA P<TYRINT4 +<
FEHEDIECRIEEDEL ROV TH D, VI H
DEHELLGYMERTHLETAH, TABIAEETH),
BnHE L TH ARERI I g IBETH AH5, RIRO%
&, TABEBEYFOEIRE LTHERTOTEILETSH
n, BELHE, RERRIIRI0m g TRIBHEOE W
BRI IERE LD EEZOND, 35IZ, KOLE
i, FIBROHI0EE R Y, MROETOHFEL DHEH
BZh, TROoDAEITERBLE L THVAES, B
THHLGERERDTHS ),

Vo ot Sio A 5Lk Hns T 7
T RAEBHFE, BT A EAFNA,

3. FHRRDEF{

3.1 FRmHSDOSICLBENESR

BHET A RLEWERET D HEL LTEBy 1 b
Hhruaalgy (SiHC) % 8ET L 70 AHHE)
LCwh, ZOTOLXTIE, @By A EZREDDILE
METAH FE9 BL) MWLETHLAN, BRES A
ARENTERLZVIE, £/, €B7 1 ZOHBBD7-
DIZIZ1I6MW ton™'-Si E VI EBOENHFLERI &0
5, BATRER 7 A FRBEEESI L TRy, LS
5T, BHESr A FILEYOEEDTOOEEE, L1 i
MEF—ML 7O AOREREFTLEITN TV S,



— A, Si EKROFHE TEIELRT A (Ch) &L
ETSICL 2 BET L HEN D D,

Si0, +2Cl, +2C — SiCl, +2CO

ZORIETE, EZTHAFTELRHIOL ) H &iLE
IANF—%2FHT LD, ERE, ETAIVF—WkT
OtATHAHAS, 1300 CREDRETCLER YR 728
BB TCL T 2153 5 USSR OB e 8 L ( EHTE
WLELGho7e LU, ElESIO 2 B UHRIKE R
ELTHYRHE, RNRENETAESNS,
BEOBRTHEELHVAITE DL RAIIF ¥ Ol
HENH 5,
TiO, +2C + 2Cl, — TiCl, +2CO - (2)

TiCl, +2Mg — Ti+2MgCl, - 3)
Q) ORIETIY, EEFATREBLHEL, 1000 CEE
DJETITDND, B) EKrolliFEE Wb b 7O+ AT,
TiICL A5 TIEBPRESNE, L >T, Si0e 5D
SiCla BEA 1000 CUL T OIRE TR LI o 7Ot X
PICHTAZENTELI LIl A, SIOFRREWTH
B85, mHEDMEL, 1300 CULEOBBRAIVNETH L0
THEIZRE > TRV, BFHEOBVSIO FHVAZE
&) USRI TIZWREIC 25 b D EEZ LA,
3.2 FRROERL

W80 % DN T — A EOEBRE 2 5 ATHWDBINA
FYATHD, RMEWFTHIEET V7 Tl I OPHD
REHE 16318k ke ' RFIFL, IR BE L LTRELRY
EFAL TS, Lo THIRIZARICET Y, H%
BIKDKEIZRBET D, BESRIOZEIZEFEEL, H5%
PREERZ BRI L, 2 L { SiCls B85 A H#A ORI
B L7ze LIFICAEREOBBE L BT 5,
3.2.1 IRRLHOIEFL

SiO DEFE(LRIIROKTET Z EDTE B,
Si02+2CI:+2C — SiCls+2CO

ZORICE, BTHE LTREVDLETH L, 7L T
¥, BEREORNEET AR TOBMBIZL ), HHRFO
HEY» OB L 7:C L Si0 05 % A8k b L D
Si0: (WEAMEIISERE) +HEMRESYORELGES
BB LR 5 Fig8 R L7 COBENPLHLD R LS
V2, BRI I & e SE A LRUSEE AT <, Si0;
D SiCla ~DELALE S Fyro),
3.2.2 WRRDIEFRIE
BEFIERICERIC BV -3 REIK Ash-1, -2, -3D
Si02, K20 % ED#H % Table 417K U720 2D 5 Ash-
1 & Ash-21%, LEBRADT A Aty &~ TREEBRBOR

122

Pyrolyzed rice hull SiO2+Activated carbon

100 T T T T T T T T T T T T

L 4
800°C
00C T . SwT
600°C
0 R R L
0 1 20 30 40 SO 60 O

4
w0t o
a

Conversion of Si02 1o SiCla (%)

R wemer |
-
10 20 30 40 S0 60 70

Reaction time {min.}

Fig.8 Conversion of SiO2 to SiCls vs. reaction time
for chlorination of pyrolyzed rice hull and SiO»*

activated carbon.

BRAEZEE L U CHRET Ch L MBS (>
T R THRELLIKTH S, Ash-1IEFHR
WHB-80-D, i 280 kg hr ', IEFES00 80T,
HEEABBOLGETRHE LK TH 5, Ash-2 (TFRIK
WHB-450-M, #3458 450 kg hr ™!, & 900 £ 100,
TR 4R ORGCHRB L ZIKTH 5, Ash-313AE
55 mm OAEFIEERIZ20 g EBRHHR L TCE (BE10
em) L, ZZ&R 20 min~' FLE T T800 + 10 CTHRIR S E15
TR TH B Ash-1ITRBDREN 213wt BEITN TS
720, JKIZBETH 572, Ash-213FKBDOREN2.1wt %
o T A OFREND - L HEDOKFIZEEOR TR
EoTVERRTH 72, Ash-3EFRES DV -7-BHRTH
=72

SiO DIEFLFCICIE, CHLETHDL, #2C, 4B
KR TC e LTHEER (WREE0Om2g™) £ ¥
FIKIZCISIO, ENEAT2.512 %5 L I IO WEETIRAL
T2o BERD7280 | RBGIE DT ARy, SREDHE S ) Aic
DWTHITo72, RIGEHRE % Table 51278 L7z, #IFKIE
TAR, WRIUS LY CEPEC, SR THLZ
ERbdD, Ash-1121E, MR OFBEICHRTHKRE
PHEFMCIZVLELEDT2%E TN, FOLOIEEE
H60%THhAHH, REWE L L TERREZRINEST 52
EW L o THEALERIZS1 % ETHML, #IkiRitiy & MR
%5770 Ash-212122 %, Ash-31ZIZ0%DRENE TN,
EERERA L CHEECRIDET - 28R, mibEideg ~
49% Th otz TOERNS, BB L) RENKbRT
VHRROERIL e, BT T4 I &% -7, Basu
53 IHFRILI OBRELICOMFERERY» 5, %A
EHEOI D) ABIURERE UHRICHET A7-DHE W
BNRRFT, RESHEVRIFTHL2DIERIGHET
HLEHFEL TS, Table 41278 L77 L 9 IZAsh-1121
RESH 213wt %o T0AA, BB SHEL

Netsu Sokutei 23 (3) 1996



Mmoo ) h o TEWFIA

Table 4 Chemical compositions, crystalline phases and surface areas of rice hull ashes, silica sand and commercial

Si03.
Composition (wt%) [ Na,0+K,0+MgO +Ca0
] S$i0, Surface area
Si0 Na,0 K.0 y i

(o a; b MgO CaO C (wiwt) Crystalline phase (mig)
Ash-1 74.1 0.34 0.89 0.19 0.91 213 0.031 Cristobalite 76
Ash-2 96.5 0.07 0.75 0.06 0.10 2.1 0.010 ” 4
Ash-3 972 0.16 0.43 0.16 0.20 [ 0.010 Amorphous 44
Silica sand 97.7 0.16 0.21 0.01 0.07 0 0.005 o-Quartz 2
Commercial SiO, 99.999 0 0 1 0 0 0 Amorphous 13

Table 5 Conversion of SiO2 to SiCls for chlorination
of rice hull ashes-activated carbon mixture
samples at 900 'C for 1hr.

Sample Conversion (%)
Ash-1 60.4
Ash-1+C (C/810,=2.5 mole ratio} 81.0
Ash-2+C ( k3 ) 479
Ash-3+C ( s ) 492
Silica sand+C ( ” )] 8.7
Commercial $i10,+C  ( k4 ) 74

Ash-2 1ZIEREFD2.1wt % TH -7z, Ash-1 B L2142
CISIO:MENHT2.512 %5 &) ICERRERINES L 72
e, Ash-1 DFPELBIFR L 0IIE P02, OKR
i¥Basu HDEER L — L T\23, Table 4 & Table 5 D&
R 5, Si0 DESH L RERIERILUCHIZS- 2 58
HZEEIIRER TV RV, (Na0+K20+4Mg0O+Ca0) /
SiO, DEL Si0; D SICLU~DEALRDFER LS, TAH Y,
THhAY) EEERILEYH ST ERFMEOEITT N
ENbirol,
3.2.3 MK —EREOIEFCRUCICRITTERSHR
3.22 DERDL, MBIK- REORAPERCULITK
EREBESZALDEEILND, Table 64213, bW
BRI DRI PR GFTRAEERE-VINVEH
VT, BRRAHEN 15 105 THEL R 0EEL
FUCEER &R Lz H#RIR-C-CL RIGRDESEM 15T
IZER(LEDT24.8 % TH B A%, IREAREM 105 TiL69.2%~
EERL7Z REC I VHBIKFOL ) I EREOFEE,
Thbb, SiO T L RENTOBMEOEMIEFILR
BT RRZL TR EEZLND,
3.2.4 BHU 7 LIEOWRIIGEFR LRISEEE 1) 10
Table 4 BEIUSITRLAZ L1, RKBIZEINDL S
U MR EDT LA ) BLUTT LAY LS EILS
YE EBFRCEICHBEERI RO h, 22C,
BRICREOTAH I BIUT LAY TEEBEYRIML
2B D Si0: D SiCL ~DELALE R Table 7I1IRLTdh b,
COFER, ) AL IS F LRSI AR
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Table 6 Effect of mixing and addition of sulfur and
potassium on chlorination of rice hull ashes.

Convertion (%)

Reaction system Mixing for 10 min.  Mixing for I min.

Pyrolyzed rice hull 79.1

Rice hull ash-C-KHSO,-Cl,-CS, 93.3 78.8
Rice hull ash-C-KHSO,-Cl, 78.4 35.6
Rice hull ash-C-CL-CS; 69.2 420
Rice hull ash-C-Cl, 69.2 24.8

C : Oil cokes, Mole ratio of C/SiO; : 2.5, Mixing condition of rice hull ash-
10 and 1 minute by planetary ball mill, Ci, : 100 ml/min, Reaction
temperature : 900°C, Reaction time : thr, KHSO; : 10 wt% for Si0,, €S, :
0.03 ml/min.

Table 7 Effect of alkaline and alkaline earth metal salt
additives on chlorination of rice hull ashes at
900 C for 1hr.

Rice hull ash Additive Conversion
(10wt% for Si0,) (wt% for Si0,)
Ash-1 — 60.4
4 K,CO; 66.3
7 KCl1 72.0
4 KHSO, 70.4
4 KOH 69.2
K4 KNO, 67.8
” K,S0, 69.1
” Na,COs 44.0
4 NaCl 56.7
” MgCl, 55.3
” CaCl, 45.8
Ash-1+C - 81.0
4 KHSO, 87.9
Ash-2 K,CO; 1.3
Ash-2+C — 479
” KHSO, 82.1
Ash-3+C — 49.2
k4 KHSO, 70.2
FAR+C — 8.7
K4 KHSO, 26.2
HERSiO,+C — 7.4
4 KHSO, 53.8




Sh, D TAH Y BITT VA HEESBIEICILEIZE
EMRVEOONT, —RIZ, TUVAYBLUT VAL
HEBIESIOERLL, 2y P72 R > T3
SIO AU T A LIS RO ARETLH
EWFREIND, 900 COCLERA T TEATA A YBIU
ThAYIHEEREIE/WIC > T b, KCIORMSIR
776 C, NaCl1£800.4 C, MgCl213714C, CaCl213774C
T, WECUSERETIIAM L TB Y, SEIHSi0:-C
ECLOREENEEEZE-TLE) EELOhAB, AL,
KCIAKRIHbOE ) £ b b RMEIMEL, % HET S
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Fig.9 Reaction rate curves of chlorination of Ash-2+

C and Ash-2+C+KHSO4 samples at various tem-
perature from 600 to 1000 C.
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HEOEFIMBERRIE, TEREEZIECS2EC
ECLEBDRIBIZE Y, FAFRAS Y (CSCl) 2MERL,
ZDCSCLIZC-Ch & ) b BTHEHRLELV R, TOHKER,
WEIRB D Si0 DEFALTIMRESNL LD EER LN
72
3.2.6 4R L7-SiCls DHER

BRIKOEHFELTIZ L VAR LSICLHIZEIN,
At % Table 8 1Z/R L 720

Na, K, Fe Z EDREFE T ppm L FTH 7295, U /i3
650 L HL BTN TV, ZRLEDOTLEIIIFHFLOLD
EEZONDN, BEORBHA CEMESSICL 3B ETHE
Thb,

3.3 YRR A5 D SiCls DI EMBEOATEEM

B, HHICIEL TS SiChit, BEALEEY ) o
A5 SIHCh 2 8% ARG B L USIHCL 5 %
HERYY IV RBETA IO ANSORRATH L, |
WLZE 90, IhHDFFRIITTAILF-1, BEYICH
HETIIHED D 5, RS9 ~62FEE T TNEDO T, K
HBEMBKIX MY 2 OBETOEAOHEREN—BE
LT, Kaxrraod s rEEiimolEsThihze,
FOREE, ENCEBCETARMM Y 1 AEFEBEL
TEMLSICLZEEL, LI AkERETTHI LI
LY, BERICE, EREICHEL TRMLSIHCL 2 K8
CBETAZEAHME LTS, JUCBOMEIZF 77
74 MC, RIGIREIZ1100 ~ 1400 CLFEEILHRETH 5,
ZOFADEEIZ OV TEERIZB S MIZ SN TR,
BRTHYIOEEVAZEHT L 0RBEFEL, £/,
rAREYHAVAOEE (1000 CUT) THRETELZVD
PHETH 5,

VEDEAHETLHELELT, 71 AD»HHITH®
IKEFWA 7O AREZLPREL TS, F070t
ADTO—3— M Fig10 1R L 72, HfKOEEboE
BsB ORI, BBile2 ~FRICERID, TEHMBE
el TRAAREBT (1 il TEHWIIZEET L&
FALFLER, FEYERO =2 TERES AR L
TiTbhrz, FEIRKOERILIZL A SiCL EsE 70 L AN
FEREOEE, bPETIIHER (ER, ERERL) &

Table 8 Impurities in SiCls produced by chlorination

of rice hull ashes.

Element Concentration (ppm) Element Concentration (ppm)
Na 1.04 Mg 0.19
Fe 0.90 K 0.77
Ti <0.1 Cu <0.1
Cr 0.29 P 650
Al 0.99 Zn 1.18
Ca 0.66 v <0.1
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Fig.10 SiCls production process from rice hull ashes.
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