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Abstract: In this study, a solid reducing agent, a spherical porous composite structure for hydrogen fluoride (HF)
removal, was prepared. First, SiO, as a support and Ca(OH) , were introduced to prepare a CaO/SiO, mixture, and
poly(vinyl alcohol) (PVA) having various molecular weights was used as a binder to prepare solid reducing agents having
various compositions. Thermal properties, morphology, compressive strength, specific surface area, and pore char-
acteristics were investigated according to their compositions. The optimized compressive strength, the specific surface
area and porosity were observed for the solid reducing agent (60-2PVAS50K) using 2 wt% of PVA having a weight aver-
age molecular weight of 31000 to 50000 as a binder in a mixture having a CaO concentration of 60 wt%. The introduction
of the binder is expected to increase the specific surface area and improve the adsorption characteristics while suppressing
the formation of powder of the solid reducing agent.

Keywords: calcium hydroxide, calcium oxide, hydrophobic silica, binder, composite.
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CF, + 2H,0 < CO,+ 4HF (1)
CaO + 2HF < CaF, + H,0 ©)

THEFAA Az Al CaOE F2lA 371 ol =Z=H
H,0% CO,5 Fdle] Fatsidgoll it o R e
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= & AJH9 &4 silica(Ranco(Korea), 50 nm, Optisol-
LSA430U5)E AM&-3F137, calcium hydroxide(Junsei(Japan),
assay 95.0%)<} isopropyl alcohol(Junsei(Japan), assay 99.7%)
< 5k GA| Qo] ARgsiglth IHgAAIE A8 ¢
& vy 24 SR (My)°] 9000~10000(Aldrich,
80% hydrolyzed), 31000~50000(Aldrich, 98~99% hydrolyzed)
223 146000~186000(Aldrich, 99% hydrolyzed)3] poly
(vinyl alcohol)(PVAYE ARE-3I3ITE Al8E2] W A3 ¢
Z4=719] HAGZ2 42 FE-SEM(field emission scanning
electron microscope, Hitachi-S4700)2.2 AA|SINL, A|RE
o] B]3E WA, pore volume 2 pore diametere 2 AF2PH
BET(Brunauer-Emmett-Teller, ASAP 2020)H2 o]&3lo] =
Aot Gl FAS Fall L FSAA AxE 2% vkl
H B gu) AAS 913 e AAE flslo] TGA(thermo-
gravimetric analyzer, TGA 2050)& ©]8-3tc] FA7]F sloll
A1 10°C/min®] 7FE&ER 30014 800 °C7HA] €4 545
ZALstSA T
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o] e] AAFR] Sohn T2 WM eJsf AlzsISTt. A
Z% Ca(OH)/SIO, EFEES] F% HE&L 20~80 wt%/
80~20 wt%2] WH<] tollA] WHSIAIA FHISIAL, Al
Figure 13} 7t} 3|d57]|2 &S A7 Ca(OH),/SiO,
EELS Ca(OH)LolA CaOE AZAI7]7] A&l 242
(FB1310M-26, Barnsted Thermolyne co.)E 53] d&al #
2oL, 5 20 3.5470 AAA 100°CY SAER

IPA Ca(OH);

L sonication, 1h ]

stirring, 5h ]

'L rotary evaporation ]

Ca(OH),/Si0; mixture

[ Calcination, 650°C J

CaQ/Si0O5 mixture

Figure 1. Scheme of the preparation of CaO/SiO, mixture by cal-
cination."
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Figure 2. Ca0O/SiO, mixture using hydrophobic nanosilica as a sup-
port.

650 °C7HA] £ 3 650 °CollA 4417F E<t A4 (calcination)
3lod Ca0/Si0, E3HE-S Az 33 th(Figure 2).
TEstN e M=, 1 FIUAE st S8l o]
459 Ca0Si0, EFHEof L&A} vy & A&t}
(Figure 3). 242} vRRIE 2= FEHEAZo] 9000~10000,
31000~50000 —Z&] 3. 146000~186000%] PVAS A}8315132,
vl 8 A|xE 87 sl 242 2, 10 233 20 wi%®]
TER FTHT I E Sl AIFT o] §Hof AAFH
CaOfSiO, =S ¥ St NsAEE e e +
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th Azt SR YAV AHES LF R ol bt
AEE AASH] 51 650 °ColA] 4x17F B2t 22 24ds)
ATHFigure 4). 919} & WHHO R AxE 7}7ke] aged
Al2] BAL Ca0/Si0, 5= vilr]e] &35 2] ¢ uf
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Figure 3. A spherical composite structure of CaO/SiO, incorporat-
ing a binder.

dy g EE

T 3AA| ] FLEZQ Ca(OH),/Si0, EFE} vl
£ AREste] AlxE AP SA] AHTe] HHELS ¢
o}17] 918f Figure 591 TGA FAES eI AT Figure
5(a) A2 Ca(OH)2] ko] 60 wt%©] 3L Si0,2] hako]
40 wt%21 Ca(OH),/Si0, EFHE2] 12} 24 F o7 Ca0/
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Figure 4. Scheme of the preparation of CaO/SiO, composite incorporating a binder.
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Table 1. Specific Experimental Conditions for Solid Reducing Agents

Sample names

Concentration ratio

Ca0/SiO, Mixtures

Binder solution

40-2PVASOK 40 wt%/60 wt% 2 wt% PVA(M,, 9000~10000)
60-2PVA10K 2 wt% PVA(M,, 9000~10000)
60-2PVAS0K 2 wt% PVA(M,, 31000~50000)
60-10PVASOK 60 wt%/40 wt% 10 wt% PVA(M,, 31000~50000)
60-20PVAS0K 20 wt% PVA(M,, 31000~50000)
60-2PVA150K 2 wt% PVA(M,, 146000~186000)
80-2PVAS0K 80 wt%/20 wt% 2 wt% PVA(M,, 31000~50000)
1a)
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Figure 5. TGA thermograms of (a) Ca(OH),(60 wt%)/SiO,(40 wt%)
mixture; (b) 60-2PVA50K solid reducing agent before calcination;
(c) 60-2PVAS50K solid reducing agent after calcination at 650 °C.
Conditions: heat from 30 °C to 800 °C at a rate of 10 °C/min in N,.

ARESE TPAS) T7] Foll S2H F3to] AlAE ] Fe] 1
23k Zlo g HTE Y, Figure 5(b) 3412 PVA] §3HE &
EHE A% FFHA” 28 AL Figure 5(c) 21419 B =
A2 1P A F2E t)7] F] FEe] AA"
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£ 410°C 214 Ca09t H,OZ 8] =1, o] Figure
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T 424 °ColM = 85.7 wi%2] TS Felst 4= St
S 450~650 °C Atolol|A o] FaFiha A2 sleh g2
Eo] AA ot Aoz AAFTE Figure 5(b) E=4100A]
HIOIH E ARRE PVAE 180 °CH-El AA3] Eall7} Alzt=o]
360 °CHE 420°C9] &xolX THEH S HoFE=, o=
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Figure 6. Surface morphology of (a) CaO/SiO, composite obtained
by calcination of Ca(OH),(60 wt%)/Si0,(40 wt%) mixture; (b) 60-
2PVAS50K solid reducing agent before calcination; (c) 60-2PVAS0K
solid reducing agent after calcination at 650 °C.
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EEo] Yehd ddolgt Rzt TGA 4 A4E
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HEof| EAFEFo] 31000~5000091 PVA HIRIE 2 wt%E AR
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Figure 70 YJERHATE. Figure 7(ay= & Ca02] ¥ o]n]
A& YERHRLAL, Figure 7(b)~(g)= HIRIE] PVAE ©]&-5}
AzE 1FekAA o] 39 o|w|AE YERN ST Figure 7(a)
= Ca0®] F¥ A4S veERA omx] o] i Figure 7(b)=
Ca(OH),/SiO, (60 Wt%/40 wt%) E3HES 12k 9% &
o] % CaO/Si0, EF=ol viIE 24 T3 F Ao
31000~5000091 PVA 2 wt% A&-5te] AlZzH 318 A,
60-2PVASOKS] 24 A olu|R|o|t}, v|ws)] B, F2 e
1 Figure 7(a)e} TFEA HRIGIE AME-SF & SHAoA] ]
Ugk THE B & Qe ol XIFAAE Y= 7
AollA] Ca0/Si0e} PVASY 95l SHEILS & 4 9

ol 73S A 60-2PVAS0KS] 24 F o] X (Figure
7(d)yE AHEA, &4 & 1F3RAA9] Z¢- PVAZE A AR
of et W MEL 7]Fe] FHEES AT ATk
Figure 7(c), Figure 7(d-1) ZZ2]3L Figure 7(g)= BFIT &2k
Foll e vYPSAA Y A F 259 FAEES IRl
ZAto|t}. Ca(OH),/SiO, (60 Wt%/40 wt%) EFES 12} &
At 3 Aozl Ca0/Si0, EfF=ol vRRIt A 7H7} F33
ZE2FEO]l 9000~10000, 31000~50000 L2 3L 146000~
18600031 PVAE 2 wt% AH&-3to] A|z=E 13 A A, 60-
2PVAI10K, 60-2PVAS0K, 223 60-2PVA150KS] 44 3 o]
HR| S0t} Hlwal B, HAHOoZ e 7]3e] = v
5% HEE HYom, A4 3 PVA AIAR A% 71¥e] A
71E 9145, 1438 I 191+11 pumE EA}gol| uje}
AL RIS . Figure 7(g)2] % Figure 7(c)2} Figure
7(d-1)e}F o] 5008]2] o]ux] Aol = Fhte] 7]E=7]
2 3 ol HolE = glo) 350002 AMIS vt &
$ 71Fe] A7)eF wkeUdste] dA 9 7w ar] BRI &
o}l HkgAdo] & U T 4 A=F guxe] Wy ol
BaYd iy Tl ot 71ed 24do) disiiE A7 28
sittal AFE ¥ T} Figure 7(d-2), Figure 7(e) 22| 3L Figure
(e vy gl e 1 SAA ) Ax T 28] %
HEAS gIgh Aot} vRIH 24 F o EAl&o]
31000~50000%! PVAS ZHz} 2, 10 Z12]3L 20 wi% AHE-3H
AzE 1 EAA], 60-2PVASOK, 60-10PVASOK, 22|73 60-

Figure 7. SEM images of the CaO and solid reducing agent sam-
ples: (a) commercial CaO; (b) 60-2PVASOK before calcination; (c)
60-2PVAI10K; (d) 60-2PVASOK ((d)-1: x500, (d)-2: x200); (e) 60-
10PVASOK; (f) 60-20PVA50K; (g) 60-2PVA150K. (c)~(g) solid
reducing agent samples were obtained by calcination.

20PVAS0K®] 24 & on|z|Eolt}. ditsll A2 A] PVAS]
AAZe] g2z TP3HAA ] PVAS] o] Hold4=
BH 71F o] T71EE ERIF 5 ATt Figure 8
vRIe] o] Akt kS ZHE M,=31000~50000, 2 wi%=
I 3HA skl Ca(OH)/Si0,2] e Eelste] Alzd X
FedAe] 11 54 AHolrt. Ca(OH)S &afo] Bl
24 T 7137 ARE RIS ol Foll A=
+ BET S84t dX|git}.

AzE 1P3AA 0] AESAE fl8t] YFAEE S
g A3E Table 20 YR vRRIT 24 S 24}
2Fo] 31000~50000¢1 PVA 2 wt% AF&3}3L Ca(OH),/Si0,2]
TdFs dElste] Ax" 23 LA (40-2PVASOK, 60-
2PVAS0K, 2] 80-2PVA50K)S] 79 BlEH A 0] & S0,
(F13EHA: 58.68 mY/g)e] Tl 60, 40, 12|31 20 wt%= 4
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Figure 8. SEM images of the CaO/SiO, samples: (a) 40-2PVAS50K;
(b) 60-2PVASOK; (c) 80-2PVASOK. (a)~(c) solid reducing agent
samples were obtained by calcination.

Table 2. Average Compressive Strength for Solid Reducing
Agents

Avg. Compressive strength

Samples (kgf/cm?)
40-2PVA50K 3.5
60-2PVA10K 33
60-2PVASOK 3.2

60-10PVASOK 1.6

60-20PVASOK 0.9

60-2PVA150K -
80-2PVASOK 2.1

Test speed : 10 mm/sec, temp.: 25 °C.

AFE =75 gho] 3,500 2.1 kgflem>S. 2 Yo}y &
Q18I &, Ca(OH),Y| o] Woldars 24 5 A7)
7)1FEAROE Qe AET) vl ZoR A o]
= SEMe®| #HE/] 3 BETY| oJgt AHtAlga7|e] 484
Fobe A3} Ca(OH),/SI0S 60 wt%/40 wi% o & 3l
HRRIT ZA FHH Ao 31000~50000%] PVAS A1
sle] AlzE 28 3AA|(60-2PVASOK, 60-10PVASOK, 18]
L 60-20PVASOK)2] 735, PVA gHo] 2, 10 22|32 20 wt%
2 7RIS 2§ 7199 17 Bl S ETE B
o}dS F2lEIATE PVA T2 2 wi%® T4 513 PVAQ)
atge] @700l whet X PFPA Y] dEFHEE vws 2
3}, BAE ~10 Kb ~50 K& 3.3% 3.2 keflem’Z H]S23F 2
5 HAoU ~150Ke] 79 SRte R Hoks we FHE
3] fAsIAo Y & B R PYSAEE 5
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Table 3. BET Surface Areas (SSA), Total Pore Volumes (V7),
and Average Pore Diameters (Dp) of Various Solid Reducing
Agent Samples

Samples SSA (m%g) Vi (cm/g) Dy (nm)
Commercial CaO 1.37 0.01 18.85
40-2PVA50K 23.98 0.13 15.88
60-2PVAS0K 20.65 0.14 26.01
60-10PVAS0K 18.27 0.14 26.29
60-20PVAS0K 17.55 0.13 26.33
80-2PVA50K 15.63 0.12 29.20

wEbA] t3¢] BET SH A= CaO 3 vl <] 3
gl w2 Ae g3

Yubx o 2 AU 2 (Ca0)y v HA ] 2~4 mY/g
o2 w22 7S Zheth $38 SAER S HsEHE o
255 RS $Fske w0l s AR 7hs e 714
2 BT FEREES M AES R BHA S Teke
Zlo] uighAlsitt. Figure 9= SEAIEA vRITE =93 37
FehAA o] vIERA S AR S8 1P SRS Ao
S 52418 YeERIH. CaO/Sio, =2 2A4dH
3} vl 9] sl ujE I FSHAA|E2] B]EAH (specific
surface area, SSA), & A& (total pore volume, Vy) 2]
3 Hat A&7 (average pore diameter, Dp)2 LERA AT}
(Table 3).

Al F2-GE 5248 oy 7 FE7E eH, o=
IUPACOIA Aot o7l frd el Fe24o= 29 £
HAES AN dok RIS By A3skdAE
o] A% PIP=0.90~0.95 Atelol A FA T FAH5 Holn,
TUPACOIM A 2]3t Type IV FEHZ meso-pore(2~50 nm)Y-<
3RISH 4= AT 223 Ca0/Si0, EFHES] ZAHEE H]
W3S W, Si0,2] $Hgo] WS4 =E meso-pore”| HEES
H o] ETH(Figure 9(a), 9(b)et 9e)). =7 CaO2} & &3l
CaO®] HIZEHA S Hlweh A3, 48 CaO= 1.37 mY/gel™,
Ca(OH),9] g<iks-0 2 AAE Ca0/Sio, EE2 133
UAEL 15.63~25.98 mY/ge] 587 7HICEH HIEHE
o] TV & AUt S 73R E A F 108 ©]
2 Z718HS #o1e 4= lti(Table 3). Figure 9(b)~9()2] &
240l A g CaOE A2l ZE vYPsAAES 3¢
2k 52 3] 2=H| 2] A] 2> (hysteresis) =412 HoJFEt),
ol A& FEHE T2450] MR LA FHA] ¥aL ofF A
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Figure 9. Nitrogen adsorption/desorption isotherm of solid reducing agent samples: (a) CaO; (b) 40-2PVA50K; (c) 60-2PVASOK; (d) 60-

10PVASO0K; (e) 60-20PVASO0K; (f) 80-2PVAS50K.

60-2PVAS0K, 60-10PVAS0K, 60-20PVASOK 2|3 80-
2PVASOK T HIAAES H3 Fej2 A IA7F 54 Q)
At slit B2 AlgS 7= o2 A & Jrk?>
T3 AREE SiO (R ¥ E: 58.68 mYg)ys BlwE 2 H|®H
A 7KL o] EFES AFshs A NA Ca0} 3
o ©]3lj(Figure 9) CaO9] Fgfo] S71drE HA X 0= H]
FHHo] 7hAES ERIS 4= Ut wEkA Si02] kol
BETE, vRIY o] AS&4E v A o] SIS &
4 9o, Ca02 F=7} 40, 60, 223 80 wi%= =7}1at
=, SYHAEATHM,) 31000~5000021 PVAQ2 wt%)= Bf
AEiZ ARE-SE I 3HIA o] A5 747+ 15.88, 26.01, 2] 3L
2920 nm= HAFA717F SV 1 ¢ AU 9]
= &4 golA Ca(OH)LIH CaOZe] Eikgol] 9t &
o] AAR wet M2 7]Fo] FEE At Alsdt
(Table 3).
2 B

2 A7 = ESrAHF) AAE LFHIYA AZRE ¢
sl AAAZA L4 AE)7Fe} Ca(OH)E =951 CaO/
Si0, E3HE-S AZ3 &, PVA HRIEE ARS8} meso-pore
9 macro-pore’} WEH 7 thad EERAR] 133

AT Az 25 BHS AT 98 542 99

sl 71FES =ol7] A% AERAE 650°CE E
o} viRle o] &l ST J

FHAC] st YF7E7F wol S gRIE U
HRIE 9] EAlgo] ALTE 7|59 Z7 | Wt 9145, 14348
22|30 191£11 pmE w2} AR FE7E= AAS] HolA|
= A% 1t 38 SYEZ HxHEe] F4= 4
S F3shes 8ol iy, AR 75 71A1A 4w
Qelire Fde IR EHEES PEshs o] vl

=]
Hsteh, webd Fgste] BH, Ca0] FE7} 60 wited] &

2]
SHEo) = FERlEo] 31000~5000091 PVA HIRIE 2 wit%
7} AR 18 37 (60-2PVASOK)S] 739 &7 (CS=

3.2 kgflem?), H] W2 (SSA=20.65 m%g) L 71 F=(H A F
217, D,=26.01 nm)7} A s}== 202 )

SET o]g)3l A5 vE OS2 RE-RSC(reaction-enhanced
regenerative catalytic system) RF8-7191A1"* HF S22l o
g A% 2 SAATE staat gt

Al 2: o] =2 20148hdx AU s skl ]
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