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Abstract

In this study, the surface modification of calcium carbonate (CaCO;) nanoparticles by a silane coupling agent, octyltrimethox-
ysilane (OTMS), was investigated and characterized using Fourier transform infrared spectroscopy (FT-IR), differential scan-
ning calorimetry (DSC), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and thermogravimetric analysis
(TGA) analysis. Both floating tests and contact angle measurements were also conducted to study the effect of OTMS concen-
tration on the hydrophobicity of CaCOj; nanoparticles. It was found that the active ratio for the CaCO; nanoparticles modified
by 1 wt% of OTMS was 97.0 + 0.5%, indicating that OTMS is a very effective silane coupling agent in enhancing the hydro-
phobicity of the CaCOs; nanoparticle surface. The most stable foam was generated with 1 wt% of CaCO; nanoparticles in
aqueous solutions at 1 wt% of OTMS, where the contact angle of water was found to be 91.8 + 0.7°. It was also found
that the most stable emulsion drops were formed at the same OTMS concentration. These results suggest that CaCO; nano-
particles modified by a silane coupling agent OTMS are a powerful candidate for a foam stabilizer or an emulsifier in many
industrial applications.
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HjEE 9l F2o] ojg]pu, A TiERReLe] A AT B
tH2,9]. wEbA 2194 CaCO; Vi 399 2148 9 A
& ThaFEE Ak Fololl A CaCO; W47} 3 SI8kAl AM-E7] §)
slo] s dsliol sH= WA Aol & 4= dvi1,2,5-7,19].

T fole AMEA LAl £EAKalkylbenzene sulfonic
acid)®] @ F4P 9 2575 A7 ARt CaCOs WA=
F N & A52E S Ak, CaCos WA ] A
‘do] HuiRl AMEAA F= ZdellA HEZ o] 60° olstE Ve
tH15]. S 5ol AMEAIA wldlFE-El A3 (magnesium
laureth sulfate)?} Zrgek9-l A3k (calcium laureth sulfate)S Z+2F
A3 CaCO; Wieizks B9 7188 Aol s ezl B
Zde] Huidd 2ol e HFZ o] 56° olsti AdA g8l
Agto] S Blstoiti16]. WhAe] CaCO; WeSlAbs B4 &
o] AHE/IA Zonyl TBSE AHg-ste] A 71t 7-9-ell= Zonyl
TBS 0.17 wt% &5 Z31elA FF2o] 93°% S4H o, 3t §
A 7)13E9) ebgido] 943k Ao R ERIEY] Zonyl TBSE A3
o 39 Al CaCO; WA} 713 sl A 5 Sl
<= EIsH O Zonyl TBS7F wll-§- 27F1 A= 414 482 A
ghd Zlo® PEATh17].

skH Adk AZHA(silane coupling agent) HWEEZ|HEA] A
[methyltrimethoxysilane, MTMS, CH;Si(OCH);] ¥ ZZ I EZ| | EA|
A @Hpropyltrimethoxysilane, PTMS, CH;CH,CH,Si(OCH;);]= Z+z+
ARgEFO] CaCO; WAt 39S 7HAE A3t MTMS 2 PTMS ]
EE7F 15 wi% 95 wt% w5 27004 H57to] 717} 89.6 +
0.49° 2 91.1 + 0.2°F S=HATH18,21]. =3 MTMS % PTMS Z+
Zke] FRel wE odd W 7|E Fg/del Tato] AuE Ay,
MTMS 2 PTMS?] F57F Z42F 15 wi%e 2 5 wi¥ s 27004 ¢
g ] odd 9 713t BAEE EI8IITH18,21] & AT
oAM= olldd FahAl Bl 7] 3AlR A-go] 7Fs e CaCO; W
A7 EHE NS Slato] ARgshs AR AZHA AREE Fol7]
$Jto] 710l AMEEF MTMS % PTMS S} Bl slo] &4 Al o)z} 71
SE EWE A4 Hoctyltrimethoxysilane, OTMS, CH3(CH,),Si(OCH;);]
< MR CaCO; W Ake] E9 el tigt A8 sl e
™, OTMSE ©]83%F CaCO; W=Ate] %9 7id &S flstod]
FT-IR (Fourier transform infrared spectroscopy), DSC (differential
scanning calorimetry) % TGA (thermogravimetric analysis) 235 -3}
319tk =3 OTMSE H2)¥ CaCO; YAt BHle] 94 VX 2 55
£ XRD (X-ray diffraction)2} XPS (X-ray photoelectron spectroscopy)
TS Fste] ASISit) oF&® CaCO; W Ake] 32 7he] vl
&= OTMS 5% &5 A9n7] flate] HEF4 543 57 AIE
(floating test)S F3at oM, OTMSZ % /HE¥ CaCO; Wi
k] i skl W 7] SRR AE TEsA S AES]
fI8to] CaCO; Wi A EH 8] Aido] ol Bl 71329 Pl
VA= FES AHEgT

] of
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2.1. AEM=E
2 AT E CaCO; =AY 3+ =717} 78 nmo] Al #)
7} 97.01 L]l COLLOID-7000< aAxtd@ oA F+4)3ke]
of ARg-aFlomM[15-18,21], At AZHA = =% 95%2 OTMSE
Sigma-Aldrichol] 131 CaCO; LHeQIAFe] 3% 72 ol ARE-3519
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o} oldd Aol AFEE n-HIZ(=99%) 7 &3 AR Ao A3
n-5EHZH(>99%), M1 B (thodamine B, CosHs CIN,Os, >95%) A=,
N EEFA(=99.5%), OFE(=99%) 5O FF Sigma-Aldrich Co®ll
A Fsto] ARSI 7138 Mg/ Aol ARg-sh v]o]& AlHEAA
ELOTANT™ A032 (dimethyl lauryl amine oxide)= LGAYZ717}olA]
Algtol WUk A 378 §lo] IthE ARESITE AlE Azl AR
H £ Nanopure (Sybron-Brinkman Inc.) ©]& w3+ A|A~ES- A 32}
SHTE ARSI oM, pH ZEAZE 5 99% ©173<] 0.1 M HCl
7} 0.1 M NaOHE Sigma-Aldrichol|4] F-¢jste] A&ef A-g-s}ict

2.2, AlslHRY
2.2.1. CaCO; LE-®IA} 7HE 2 JHAE CaCO; LA EH 54

=3

CaCO; YA 2.5 g5 57 50 mLoll ¥ 442 OTMSS
A7Vst g 25 °ColA 20 min F<¢F WIS 3 3RS AR

(A50S-6 rotor, Mega 17R, HANIL Science Industrial)E AFg-8}o]
3000 rpm FZIA 10 min F<F YA EElste] A5 o R RE
OTMSZ 39 7|12 % CaCO; W=AE w251tk -2l CaCo;
Yedxts TR wak AFste] 7125 ¢hds] A 3 100
°Ce] @&elA 3 h Ft Hxste] theial e Hol e e
HAs] A AT

OTMS®l 9J&te] % AR CaCO; WHeIAE ) ¥ B4 14
< $18F9] FT-IR (IRAffinity-1, Shimadzu corp.), DSC (Q10 v9.9, TA
Instruments), XRD (ATX-G, Rigaku), TGA (N-1000 SCINCO. Korea)
4l XPS (Versa Probe 5000, PHI) 5-& AR&-8}%ith FT-IR, DSC, XRD,
XPS % TGA Aol #st AIst A3 72 7]E2] AFeA] B
® wl QIth17,18,21].

OTMSE %W A3k CaCO; Y%At 130 mgs 10 MPa2] ¢+
= 7leto] Azt Wl xdel| SHTE oty £ KrussAk] pend-
ant drop tensiometer (DSA 100)E AME3l0] AFH7He 543300k &=
3 OTMS =0l T2 CaCO; WeAk 9] 4254 H3lE A
H7] flste] Bf AEE $88t0] L AHE active ratio= YERAS
t}. Active ratio -+ Al olA ARE-SE CaCO; =2} Foll &71-
=9 Ale] WeEE YAt FA BlEE ALur, AT - Al
o AP 7)) AtellA Xty uh QlvH17,18,21].

222. O™ 2 U2 Hx Y S4 =24
Y3 Hylo] SR} gt 2 N T 7 FEO0E 2%9)
CaCO; YWeIAE 371t & ZRAYe]A (HMZ-20DN, Hana
Instruments) S AFE-3F] 3000 rppmZZAoA4] 3 min E<F wHlEl] o
RS AT dEd 4R 271 FE A9 (Nikon
ECLIPSE-TS100)S AHgale]l SAsgla, odde AdEEs
Accumet 30 conductivity meters AME3I] S798r0 ZH o HH e
£ A4siGitk w8t 7] PgAS HTIsl] flste] A032 Hlol& Al
HEAGA] 1 wt%S 3713t & Foamscan (IFAC, Germany)= A8-5}17
7}Vakath17,18,21].
ofidAdx} 7|2 Hue] olmA|= #HF #u)(Nikon ECLIPSE
TS100)= AH&-ate] A&tk 93 dAnd #2E 913 =rivl B
)
AlEE oblEY AlEZ A H-] v]Eo] 27} 25%9) 75%%1 8ol =
o BE 1 mL F7}ste] ARESISith CaCO; HheqiAl 4ol st
At A S 7]EL] AgtellA] olm] AT Hf 9ltH17,18,21].
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Scheme 1. Surface modification of CaCO; nanoparticles with OTMS.

3. Z2u} g Et (@)

3.1. CaCO; LI=QIX} EH JH&
Scheme 1°1] YERA 2218 OTMS®] &3t CaCO; WA 712-&
A AZHA OTMS7} B2 W31 CH3(CH,)sCH,Si(OH); 2} H|g
<(CH;0H)°] 3/d3t= W37 B4 E CH3(CH,)sCH,Si(OH);©] thHA]
CaCO; U=312F 2] OHS} HES3led Ca-0-Si 3F8H4 Aol 34
2719 RESEof 2slod A wrh19]. Y=gl Edel| 4
Ca-0-Sit W AUA & TaA7]3, N & A4S S7HA1A
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OTMSE Ahgste] 39 7S CaCO; YA W 545 573 3
a7] 918kl Ed /HE A3 $9] CaCOs YAl tsle] FT-IR S
A RSP0, 71 A3E Figures 1(a), (b)el 22 LT £
Figure 1(a)°ll Yebd B 714 #2] CaCO; Whe=iAlel thdt FT-IR % -
A Avelr] 2 5 9l%e] co AT vehi: 349 ¥zt a |
1455, 875, 711 cm ©4 Wepgt}. §8 Figure 1(b)oll LERd OTMS 20
 AHgso] 3 A E CaCO; e iAol U@ FTIR 4] Ao i
= Figure 1 (a)ollA] Ve 3719 I3 £]o] 2965 cm’! (C-H), 1170 4000 3500 3000 2500 2000 1500 1000 500
em’ (Si-0-Si), 778 em™ (Si-CHy)ollA 327} 712 vepds & Wavenumber (cm-1)
Qlon, o]i= OTMS7} CaCO; WA el sfeha o2 A+
& VFEFITHG,1820-22]. 1 Wi%, 3 Wi%, 5 wi% 5=9] OTMsE 2zt Figue I FT-IR spectra obtained at 25 °C; (a) pure CaCOs
7} AHste] mw A)As CaCOs LheSlabe] Tlake] DSC BAL nanoparticles, (b) CaCO; nanoparticles modified by OTMS.

akglom, 1 A3Hs Figure 2¢1 WERASITE DSC 574 A2 H

BE A7 13 (thermogram) <2 U3 ¥4 93 FHE YERyH, o154
FH /WA E CaCOsoll A& 7HE ™, 300350 °C2] 2= o)A - %@KK@@@@
9 9128 2A% 5 30Tk o) CaCO; thelA THlel] A3 S o201
OTMS7} & Fse] ARasan a4 o wye diu: 3 A
7% vERe, 5 OTMS el ket 59 31210) 271} b 2 0%p N
212 OTMS 5127k S7Hkl me} OTMS 9} CaCO; vhegiate] At | Q 1w
o] Z7ksI37] wEoltt. TG

71 A3 59 CaCOs WeqlAHe] XRD #4125 Ve 038 . . .
Figure 3041 2 5 Q0] ¥ 714 A3} 59 CaCO; theslARs e o A
2% Olg Wl (ali) A9 TEE 2 2L BASATHIS, Temperature (')

Figure 2. DSC spectra of CaCO; nanoparticles modified by OTMS.
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Figure 3. XRD spectra of pure CaCO; nanoparticles and CaCO;
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Figure 4. XPS spectra of CaCO; nanoparticles modified by OTMS.

Table 1. XPS Analysis Data for CaCO; Nanoparticles Modified by
OTMS at 25 °C

OTMS Atomic concentration (%)
concentration (wt%o) Ca Si 0 C Si/Ca
0 14.5 0.0 5046 35.0 0.0
1 17.3 4.1 53.6 23.6 23.7
3 16.9 7.2 483 252 42.6
5 153 9.6 46.0 292 62.7

1921]. ®3F OTMS &%= 7ol whe} 3298 7143 -9 CaCOs
=Rl =) A77E ks e & 5 AU o OTMS
F5 571l wEt OTMS> CaCO; Wi §iAke] Aol F7lsto 2
T8 Zo] FAE S8 wWiEo|th18,21,23]. 1, 3, 5 wt%2] OTMS
2 27 i /A3 CaCO; e Alel thake] Xps #4-& W33}
o] CaCO; WAt XHel EAlehs d4sS SAs3ion, 1 4%
£ Figure 48} Table 10 YERISITE XPS 4] AZZ5E] OTMS &
Tt S7heel whh vhejiAl el X% SifCa 2] Sk
Z& B 5 el o= OTMS 5% 7kl whet CaCO; YAk e
Aget 0TMSS &7t F7khe 3lg oJnlsh= Zlojth

A AEHA OTMSE AHg3te] 31 73] M2 $9] CaCOs
Q) Atel] diste] Z47F TGA 5745 4333t Figure 5oil YERH
Aol A & 4= R0] 25200 °C ZHelM ] T A Ak md
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Figure 5. TGA curves of CaCQO; nanoparticles modified by OTMS.

Table 2. The Number of Hydroxyl Group Per Unit Area of CaCO;
Nanoparticles Replaced by OTMS, Calculated from TGA Measurement

OTMS concentration (wWt%) 0 1 3 5
Number of hydroxyl group per unit area
of CaCOs nanoparticles replaced by 0 258 373 379
OTMS

of Egldo® A o) AlA e 7118k Flo]H, 200~600 °C =
Ao M 8] T FrAaE CaCO; WedAke] Bdel] EA8k= OHg} v
=Qxkel Agket OTMS S| ditdllel] gt Zlo|t} T3t Figure 52 2
FoA] B 42 9l%0] OTMS =% Z7Fel| wWe} 200~600 °C 71 ol|A]
o] F2F 77} S7ksR= 212 OTMS 55 Z7}ol Wkl CaCo; Ui
UAF I A3 OTMS 227 5718k517] whitolti18,19,21]. &
3t CaCO; W=§JAke] sdel| Aghe 0OTMSS &5 A3t flst
o] TGA 574 A7E AHE3sto] OTMS S} ¥H-sh= W OHO Hl&S
T3tk °o]F ¢8ke] OTMSS] Aeks(silanol, Si-OH) % 3hutvlo]
Hd o7 Wity 7P Ete] AlikS 3191t 18,21,24,25]. Table 2
of ejsto] ekl AuelA] E = glZo] OTMS ¥ 5 S7tel ufat
OTMS %} ¥-8-8= OH 159 & 71811, 5 wt% PTMS 5% %
oA OTMS 9} WES-31= OH 159 4= CaCO; ¥ W3 nm*%
379702 ¢F 3-4702] OH 15°] OTMS &} HESal= A& & &= 9o
), o= FUs Alde] A ALZHA MTMSS} PTMSE AF
o] A9 Ak AL & Thi8,21].

OTMS FL7} CaCO; WeQIAF B o] 45 Wisle] ux]= 9
of Hate] AuEy] bl HELS ST HEL S A
£ Qokate] YERA Table 3914 & < S120] OTMS ¥ 5 57}

HEE A3 SVt As & F vk dE 9 vyt
Aol A%

=]
Jo|i= H=7}o] 18.0 + 1.1°9)

o
ro
o

N
T

1 710] 1 wt%2] OTMSE CaCO;
Edzke] S A A s & HFZ0] 91.8 £ 0.7°% 543 5

7 ]
L} x4,
7Vee & = gk 3 i A13S B3] A7 S active ratio A3}
=
]

N
=

Qokslo LER Table 39 Aol & 4= 9150] active ratiol=
A5} 5de A4S Yehldck &, B9 /1 A active ratio %k
] 0%14] OTMS 1 wi%® CaCO; W=t 98 1A Agst =
active ratio #k°] 96.6 + 0.9%% T3] F713It) webs HE523)
active ratio =74 ZAIZEHE] CaCOs WA A=k AZHA
OTMS®] gJste] 3 7fdso] vheglx} o] 25730 T7HE
gelst 4= Ql9lch

Appl. Chem. Eng., Vol. 33, No. 4, 2022



390 UEF -l

Table 3. Active Ratio, Contact Angle, Diameter of Emulsion Drop and
Foam Stability Measured for CaCO; Nanoparticles Modified by OTMS
at 25 °C

Concentration Contact Acti've _Drop a Fo_ar_n b
(Wi%) anogle ratio diameter’ stability
©) (%) (nm) (%)

0 18.0+1.1 0.0+0.0 352.6+6.5 60.2+3.2
0.5 85.3+1.0 96.6+0.9 208.2+£7.4 7.9+2.5
1 91.8+0.7 97.0+£0.5 139.448.3 6.3+1.9

3 95.1+1.2 97.5¢1.1 197.3£15.3 10.4+1.3

5 97.5+0.8 99.3+£0.2 390.3+8.3 12.8+0.8
10 104.0+£0.5 99.5+0.1 N/A 25.5+2.7
15 106.6+0.1 99.9+0.7 N/A 32.3+1.1
20 110.0£0.3 99.9+0.5 N/A 32.6£1.7

* Emulsion was prepared using 1:1 volume ratio of n-decane and aqueous phase
containing 2 wt% of CaCO; nanoparticle dispersion.

* Percentage of foam volume decrease during 1500 s where foams were initially
generated with 1 wt% AO32 surfactant solution containing 1 wt% of CaCOs
nanoparticle dispersion.

33, YN 35 Mg A

OTMSE %W 7AF CaCO; W=YAe] oldd 3129 2§
7Fs/de AES] flste] 22 F3]9] SH7e} "7k 2.l CaCOo;
QIR 2 wit BHE J7ske] Az odlEde] e A7 Hs
T =45 Eato] AASIATE Figure 62 AatollA B%o] T 2
Ao e RE ARgEte] AxSE dEAe] AVIHEEE 9F 600
pS/em?] ¥ ghs VRO, vied®} 329 sl ARE-gE OTMS
FEE Z7A wel A7REEE A 1 wt% o]
OTMS 5% Z7AE AZNATE7E A9 0ol 7P7F- 3ke veRy
ek o= 1 wi%E T 22 552 OTMSE 9 7|43k CaCO; L}
RS FEHAR ARgEte] ddAS AZshe Aol hedAtb
9] XA 5A O Q151 oil in water (O/W) HE|S] of'ddo] 34
o, ghdol 1 wt%Xtt 2 352 OTMSE 3%W /I3 CaCO; L}
RS ALgSte] odAS Axshe ASols U] 254
EX 02 Q181o] water in oil (W/O) FEIQ] oddo] FYHE AL
oJu)git}. TEEF 1 wte] OTMS 55 ZolAE odA ej7l o/wel
A WIOZ WHE= As & 4 Slth

OTMS 55 HIA7dA A28t odd Az o] Ht A} 7|5
Fet v S AREslo] £33 7S Table 300 Felsto] vrERgC.
o, o}-ge] F3t U FF dAn|FE AEste] oA AF olnjxE
3+ AE Figure 79 WFERAILE Table 3004 & 4= 91%0] OTMSE
ARgEHA 918 2= B A7)7F 3526 + 6.5 pmOE w9 A9k
OTMS 57} 715 ez ke] ago] S7ketar] A% od
A G D AT o 5 Ak 53] oW oAlEAelx wio olEd
07 WEAYE | wi%] OTMS 55 Z7ol= 7ids thegdate] X
T o] H S oA Bt 7] 1394 + 83 umé] 7FE &
2 A7]2] oddo] AYHS o, Hhde] 1 wt%H T =2 OTMS 5=
ol A= thegiRke] ApAlo] F7ste] olridd =717t oAl S7ksHAl |
t}. o]2E ATR= 1 wi% OTMS &% 270l A7) 91.8 £ 0.7°%,
Azl Exz E3he] HEZo] 90°d w) Pk oz s st o
Ho] AMEThE 7|E9] AVEdE dAEE & F Adrh26-29].

48 4 g An)Ae AMEEte ofdd aF ouRE st
29 7HEE CaCOo; Wedate] A& Elsiglon, 1 d3e
Figure 71 YERAT) Figure 7(a)olA & 4= 31%°] OTMSZ %W

ol Jle

e

3sist ® 33 A A 4 =, 2022

fol

300

N
(=3
o

w/o

Conductivity (uS/cm)
3
(=]

L | @ , J

5 10 15
Concentration (wt%)

(=]
(=]

Figure 6. Electrical conductivity measurement for emulsions prepared
using 1:1 volume ratio of n-decane and aqueous phase containing 2
wt% of CaCO; nanoparticle dispersion.

Figure 7. Optical and high resolution fluorescence microscopy images
of emulsions as a function of OTMS concentration (wt%) where
emulsion was prepared using 1:1 volume ratio of n-decane and
aqueous phase containing 2 wt% of CaCO; nanoparticle; (a) 0, (b) 1,
(©3, (d) 5 and (e) 15.
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NABA @& B-olli= CaCOs A7) 15438 W Q7] wi
9)x)&kaL k. HJU&OH OTMS 57} 718
Hdzte] agdo] FrksbaA 1 s ezt i

= 249 Aol $1Xsk= A& Figures 7(b)S} (o)ollA &
Utk Wl w/o elddo] BAE xL FE OTMS ZAdelM=
U] i?*éOl Y AX die] Yy AEe] AH SRR E o]
goto] 29 A5 gl A= 2= Figures 7(d)$h ()= HH 422
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Figure 8. Optical and high resolution fluorescence microscopy images
of foams as a function of OTMS concentration (wt%) where the foams
were initially generated by adding 1 wt% of AO32 surfactant into 1
wt% of CaCO; nanoparticle dispersion; ; (a) 0, (b) 1, (c) 3, (d) 5 and
(e) 15.
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