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Abstract — Calcium carbonate (CaCOs;) exhibits three polymorphs: calcite with arhombohedral, vaterite with a spherical,
and aragonite with a needle-like structure. Qualitative and quantitative analyses of the morphology of CaCO; are very
important to investigate the synthesis of single-crystal vaterite and aragonite. In this work, the polymorphs of calcium
carbonate were quantitatively analyzed using XRD. Pure vaterite and pure aragonite were synthesized and the peak
distribution of a single phase was analyzed. The vaterite fraction of a mixture of calcite and vaterite was calculated based
on the intensity of a specific diffraction peak, and compared to the results based on the peak area. The mean value of f;;,
(the correction factor for the peak area of vaterite) was 0.654. The phase analysis of calcite-aragonite mixtures was
performed, and the mean value of £, (the correction factor for the peak area of aragonite) was obtained as 0.6713. Using these
factors, Eq. (24)~Eq. (32) for the quantitative analysis based on the total peak area of XRD were derived to calculate the
phase contents of ternary phase CaCO;. And three-component XRD section was defined considering overlapping sections.

Key words: Calcium carbonate, Calcite, Vaterite, Aragonite, XRD, Quantitative analysis

LM E
EabdgE ARE 15ThE PR =] APgS FRreka gla o
I, EUAEE L A, FRIE & A, AlAE T4 T

TTo whom correspondence should be addressed.

E-mail: ycbak@gnu.ac.kr

This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-
nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

564

EHbdE-2 RES- 27] 5743 2] 'A< ACC (amorphous calcium
carbonate)°l|A] calcite, aragonite, vaterite®] 714 474 Fe|= WA
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2.2 kW), scan speed 0.5/min, step sizex= 0.01°]31t}.
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Fig. 1. SEM image of calcite standard sample.
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Fig. 2. XRD pattern of calcite standard sample [17].
Table 1. XRD pattern analysis of calcite standard sample
Diffraction angle (deg.) 2 Theta of max. interval intensity (deg.) =~ Max. interval intensity % Interval intensity sum %
23.07-23.31 232 1342 4.15 14407 3.45
26.56-26.71 5130 1.23
28.22-28.33 2346 0.56
29.17-29.92 29.54 15291 47.34 172,258 41.33
31.49-31.68 4,586 1.10
35.59-35.64 783 0.19
35.97-36.29 36.09 2087 6.46 23,266 5.58
38.93-38.96 465 0.11
39.37-39.75 39.54 3005 9.30 35788 8.59
42.78-42.85 1009 0.24
43.14-43.50 43.29 2569 7.95 28,794 6.90
43.65-43.74 1,309 0.31
47.11-47.92 47.63 3246 10.05 56,289 13.50
48.41-48.90 48.62 3375 10.45 42,083 10.09
56.60-56.88 7,043 1.69
57.38-57.76 57.52 1388 4.30 18,946 4.55
58.15-58.24 1,567 0.38
58.32-58.38 767 0.18
416,836 100

5 ¥ A7F e o] & v ofdt A3 A4S Table 200 YEF
gtk ol 77F WA-E 20 32.11°-~33.5° T-7rolA] 22.2% 2FA] 6}
ATk, o) 7+ Huj| ol 20 32.79°04 LRt 0] 7L 3]
0] 7|5 22.5%% A SITE ] 3] = 0] 20 27.10°00A4
YERRAL, o] o] AA 77 0] 7|EelME 26.5%= A8
t}. 20 48.67°~50.63° Tl M= T2 olE w4 kot 7k

Korean Chem. Eng. Res., Vol. 60, No. 4, November, 2022

Fig. 52} Zt}. Fig. 62 XRD 24 ¢l 4] aragonite”} 100% 1 3=
gl st 4= QIQlth WA 1% o T2 7to] 1570 1L, ZF 7+31e]
¥] 5 W& G442 Table 33} 2t} 91714 20 45.39°~46.14° -710]
T A B8 21.7%0]1 0 3L, 20 42.68°~43.14° TFIHO] 13.2%5
ZFA S TE TS 20 38.20°~38.74° T-7F0] 11.9%, 260 26.02°~



W A7 FEe) AR 567

25um

Fig. 3. SEM image of vaterite standard sample. Fig. 5. SEM image of aragonite standard sample.
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Fig. 4. XRD pattern of vaterite standard sample.

Table 2. XRD pattern analysis of vaterite standard sample

Diffraction angle (deg.) 2 Theta of max. interval intensity (deg.) ~ Max. interval intensity % Interval intensity sum %
20.85-21.10 20.98 315 6.2 5121 2.1
24.47-25.32 24.96 877 17.4 31509 12.64
26.52-27.60 27.10 1333 26.5 53208 21.35

32.11-33.5 32.79 1132 225 55343 22.20
38.62-39.15 5249 2.11
42.5-42.89 4779 1.91

43.23-44.4 43.85 633 12.6 34468 13.83

48.67-50.63 50.02 534 10.6 46328 18.60
55.38-56.29 55.84 209 4.2 13206 53
249211 100
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Fig. 6. XRD pattern of aragonite standard sample.
Table 3. XRD pattern analysis of aragonite standard sample
Diffraction angle (deg.) 2 Theta of max. interval intensity (deg.) =~ Max. interval intensity % Interval intensity sum %
21.02-21.14 21.07 227 1.6 1076 0.9
26.02-26.37 26.22 1702 11.9 21320 9.8
27.03-7.35 27.21 1030 7.2 12969 5.9
32.69-32.87 32.75 208 1.5 2639 1.2
33.04-33.24 33.14 270 1.9 3336 1.5
35.98-36.35 36.19 1156 8.1 16716 7.7
37.16-37.44 37.26 435 3.0 6280 29
37.78-38.04 37.88 281 2.0 4325 2.0
38.20-38.74 384 1613 11.3 26066 11.9
41.06-41.35 41.20 408 2.9 6444 3.0
42.68-43.14 4291 2084 14.6 28777 13.2
45.39-46.14 45.86 2610 182 47378 21.7
48.10-48.63 48.30 1039 7.3 21432 9.8
50.10-50.40 50.22 328 23 5434 2.5
51.87-51.96 51.9 132 0.9 1061 0.5
52.38-52.53 5243 135 0.9 1562 0.7
52.82-53.12 52.92 280 2.0 5309 2.4
56.77-56.84 56.81 130 0.9 857 0.4
59.14-59.48 59.23 239 1.7 4549 2.1
218430 100

26.37°} 20 48.1°~48.63° 7710] 9.82%%5 LFERNATE. 20 35.98°~
36.35° T710] 7.7%0191 L, 26 27.03°~27.35° T-7k0] 5.9%0]ct.

39 &5 A7 B0 XRD ¥]3.90] 7o) FEE = W9
of| 4 AFA3] FEAISHH 20 26°~28° TF-7Fol| A= Fig. 73 o)
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Fig. 7. Detailed XRD pattern of standard samples (20 : 26°-28°).
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Fig. 8. Detailed XRD pattern of standard samples (20 : 31°-34°).
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Fig. 9. Detailed XRD pattern of standard samples (20 : 35.5°-37.5°).
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Fig. 10. Detailed XRD pattern of standard samples (20 : 41°-44°).

calcite 6.9% 1 1-3h= 20 43.1°~43.5° 3L, vaterite 13.8% 5 1-5h=
20 43.23°~44.4° 77HE F-o)to] 2AJslofof gt

3-2. Calcite?} vaterite 24 =8 &M

712 Aol A= Calcite$} vaterite =3 A7 ol A vaterite®]
& A2 XRDE 9] £0|5 7IE 0% 7okt Calcite=
20 29.54°0141 9] 7] =0|(1, )8k 7|0 E 3L, vaterite:™ 20
24.96°(1; o), 20 27.10°(1;), 20 32.79°(1;,,)2] = =015 7|02
ato] 2 (1y& ARg-sto] Altsisitt.

X, = — M)
L+l

Xe=1-Xy 2

Ly =T+t 3)

Ie=Tp €]

£, = correction factor for peak height of vaterite %)

o71M I T8 Folo)al, X\A= vaterite w5, X calcite &
OJt}. £ calcite®} vateriterto] o] Aot 24 ()& ol th
slo] Jelshd 4 (6) .

for = (6)

X calcite®} vaterite 275 ThfsAl E&sto] XRD 245 3
AL OIEE AREEE £, ke AT Rl 0.2840] 91T Rao[3]9}
Kim[6} calciter= I,g,, vaterite:= Ijjg, Iy, Iy, fy=18 218313
th Kim S[7]%= f,~1% #-§-8}9] calcite &= AAFSlaL FTIR
229} HlwEte] XRD 22 %]7F tha A VR Lyu G161
vaterite 50% EFAEE ARSI £,~0.430% T8I0t Xie &
[SE calciter= 1y, vateriter= 178 2183k AN £,-0.13 k&
At

B Ao = 13 A vl 33 AA S ALE-519] vaterite
TS A (7)) 2ol AntaRd.
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Xp= gt Q)
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Sy+fySc
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S,=sum of peak area of vaterite )
Sc=sum of peak area of calcite (10)
f, ;= correction factor for peak area of vaterite an
S
-3,
£,= X0 12)
sV SC

Fig. 110 3 calcite9} vaterite 27 =352 XRD %S Lyu
slielel 7t £,=0.439} & Aol M A f,-0.2848) =12
243k A5 JERYSITE x5 2] mixture composition ¥
calcite®} % vaterite®] <30S LEF 3L, y= 9] experiment
composition<> ©] &3 A|75 AME-31] XRD peak patterns €17
©1714] peak height} peak areas $]31 7} 2lollA] Alikst £31a]0]
th 71A f=1, £,~0.435 285 73 tha FrARE AREAIZE U
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Fig. 12. Factor of calcite and vaterite mixtures using the peak area.
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Fig. 13. Experimental composition of vaterite using the peak area.
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3-3. Calcite2} aragonite 2M&F =gt &M

Table 39151218 aragonite:= 2] 7= 2% o &= I A7}
137 EASEL, 20 26.2°(1,,,), 20 27.2°(4,)), 20 36.2°(Lyg0), 20
38.4%(130), 26 42.91°(Lpyg), 26 45.86°(lyy), 260 48.3%(Iy,)0] = T
AZ YERATE 7159 calcite?} aragonite <3+ 2 7 | 4] aragonite®]
& AP XRDE] A ol Vo E TSIt

X, = L (13)
Li+fle

Xe=1-X, (14)

1, =peak height for aragonite (15)

Ie =T (16)

f,= correction factor for peak of aragonite a7

Hakanen and Koskikallio[10]<> Calcite™= 1,4, aragonitet= I, 3}
lpy =L 2015 71207 819 £ =0.6445 AHE-5o] AlrtaRsitt.
Park 513 Calcite:= 1, aragonite™=I,;,%} I,,, ¥ = 0] = 7]
o= 3lo] £,=0.55 AME-3to] AISIITE. Lyu S{161 Calcite=
114, aragonitei= Iy, 1137 Ly, F17 35015 71E 0% 8lo] £, =0.52F
A8t AlAksESlth Wada S[21]< Calcite™ 1, aragonitet=
I, 249 93 WAE VR0 R £, 702562 A3l ARtsisith

2 AFelME I3 A% gilel 33 A4S Ao aragonite
kS 2 (18)7 2o| Akl

S4

X=—4
4 SA+f.vASC

(18)
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Fig. 14. Factor of calcite and aragonite mixtures using the peak area.

Xco=1-X, 19)

S,=sum of peak area of aragonite (20)

Sc=sum of peak area of calcite 21)

f,,= correction factor for peak area of aragonite 22)
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Fig. 15. Experimental composition of aragonite in two-component mix-

tures using the peak area.
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L3071y T2 015 7102 AXtslait.

Aol 2 A A A i S ARk A (1), A
(18)& AHg3lo] 2 ke Taigict.

Sy

Xv= 5, 70,654, @4

Xep=1-Xy (25)

X, = 5 26
478,+0.6713S, (26)

Xea=1-X, 27

N, = o (28)
sV X(_‘V

N, = (29)
sA XCA

O (30)
¢ 1 +NSV+ NsA

X, = —ar (31
o 1 +N.\'V+N.VA )

X, = 32
sA 1+NSV+N5-A ( )

X, = the fraction of calcite based on the peak area (33)

X,y = the fraction of vaterite based on the peak area (34)

X, = the fraction of aragonite based on the peak area (39%5)

of|x] F3toi Rt

Calcite$} vaterite, aragonite 3’3+ 3¢t A|5.2] % Fig. 7,
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o] =015 Qeit}, 7 Ao 93 YIS EAISHH Table 49} 2t}

Fig. 72] 20 26°~28° 7-71ol| = Table 2014 %] & vaterite”} 20
26.52°~27.60° T-7FlA] 21.35%=14] 8}l Table 364137 aragonite”}
20 27.03°~27.35° FZFllA 5.9%x}A]3kaL QT wEkA] A
A= 20 26.52°~27.16° T-ZH7MA] = vaterite G oll SEEA]7] 1 20
27.20°~27.35°7}+A] = aragonite & & ol E3FA| T} Fig. 82 20
31°~34° F-Zkol| A= Table 20141 X 9 20 32.11°~33.5° F-7Fel| A
vaterite” | 22.2%, Table 30|41+ aragonite 20 32.69°~32.87° 1.2%,
20 33.04°~33.24° 1.5% AR o] 77+ AA|Z vaterite ol
ZSAZATE Fig. 99 20 35.5°~37.5° PO A = calcite”} 26
35.97°~36.29° T-7roll 4] 5.58%, aragonite”} 20 35.98°~36.35°114
7.7% A SR calcites 20 35.97°~36.3° -7}, aragonite 77
220 36.3°~36.41999 2 2 13515t

Fig. 102] 20 41°~44° -3kl 5= vaterite”} 20 42.5°~42.89° -
7Voll A 1.91%, aragonite”} 20 42.68°~43.14°01 4] 13.2% =}A| 3} 2.2
o] FZ+& aragonite 7ol EZEA T

Table 591 calcite: vaterite: aragoniteZ (40:30:30%), (50:30:20%),
(20:50:30%), (30:20:50%) B]-&= &3+t A| .9} AFA] kel Bixl=
do} 412 Al 5ol gk XRD 7415 A3kl Table 42] 57+ 4]
|5t A Ve 2 et vk AR A o) e s Ve
WSt B3t Lyu 5[16]9] 917 F0l& 7|50= st AXbalel] A8
st AL Azks) vlwsklth £ Bl &S 41 Q= 348 AR}
XRD 24X 5 ARgsto] Alikgt gho] Ajo)E FHetal o5 e Al

Korean Chem. Eng. Res., Vol. 60, No. 4, November, 2022



572 u}

Table 4. XRD pattern range for three-components standard sample

Calcite Vaterite Aragonite
diffraction angle (deg.) diffraction angle (deg.) diffraction angle (deg.)
20.85-21.1

21.02-21.15
23.07-23.31
24.47-25.32
26.02-26.37
26.52-27.16
27.20-27.35
29.17-29.92
31.49-31.68
32.11-33.5
35.58-35.64
35.97-36.3
36.3-36.41
37.2-37.3
37.8-37.98
38.18-38.77
38.8-39.15
39.37-39.75
41.07-41.37
42.68-42.99
43.01-43.3
43.69-44.4
45.72-46.05
47.1-47.92
48.0-48.5
48.5-48.90
48.91-50.03
50.05-50.43
51.90-51.97
52.5-33.16
55.38-56.29
56.60-56.87
57.39-57.76
59.14-59.48

Table 5. Polymorphic composition of three-components sample

S A3 TR GE2 calcite?) vaterite®] 739 ¥ WA
F 3971 @x17F 2Rk}, £3) vaterited] 79 ¥4 015 7|
|2k 3 Aibe 3 A8 257 & Aol YERUT
Aragonite®] -9 3|21 05 AREE 97 thar eab7} SHA|
et Ao} A el wiRkE ol 412 Al5.2] A
3-9-7F T @27} Al YrER T XRD w4 9] A9
FT-IR #-40] v]ato] A7 2] #4 glo] 2 =3 wo] HA 2oz 5
Fot 4 s 45 5 9 2E Bol T3t Calcitell H]8ko
vaterite®} aragonite®] 73-¢- Tha 2217} A7 YElG =4 o] A
calcite®] 7~ Table 191457 20 29.2°~29.9° 7ol o] WA ¢t
H|-&o] 41.3%% *FAIsto] 531k 7o) E1 vaterite®} aragonite=
Table 29} Table 3914121 d F4o] &= 3] =7}k o2 717} 9l 9
=3k T3 o] lo] thah @At & Fl o R ghdEct

4
+
2L
i
N

.43 =

XRDE ARG B b iAke] A=A S sh7]916810] vaterites}
aragonite = A& A|Z3ATE T Vaterite®] XRD w43 A
% FUA ] 1% oldE = A 971 0190 aL, 20 32.11°~33.5°
7rell ] 13 WA go] Hofjolal AA ¥]a WA L] 22.2% ©]H
T}, <5 aragonite®] XRD =437 5 FHA 2] 2% o]do] H+=
3= 1370 019031, 20 45.39°~46.14° F1FellA 9] 9] WA gho]
Hojo]a AA 73 WA €] 21.7% ©131t}. Calcte$} vaterite 3
ANREE &3 3t A5 O3t 93 s 7o 3 AF9e 9a
THAE 71E0 = g A=A grol vl Sl £ (vaterite 1A

2

33 A4 715 BAGAF) A a2 0.6542 T3 STt Calete 2}t
aragonite X A 55 3 st A|Re| Uit 7]3 FHAES 7]FC
2 3k AFEA oA £, (aragonite A T = WH 7|7 HAGAG)
B 0.6713% F8toARlH o5 BAATE #8ato] gk
& Al 714 A7l tigt XRD 93 F W4S 7|02 3 gy
2] Eq. (24)~Eq. (32)°] A= a1, 7t A7 Abol o] 5 3
IH S A 7F<] AA ol th 3t diffraction angle T-XF HSE 3
th Al 7] B A EE 3 A 5ol tiste] XRD #4415 3kl

Calcite (%) Vaterite (%) Aragonite (%)
Sample XRD calculated XRD calculated XRD calculated
No. standard  total area peak standard  total area peak standard  total area peak
base height base base height base base height base

1 40 38.9 37.0 30 34.8 28.8 30 26.3 342

Lo 2 50 48.1 534 30 32.1 233 20 19.7 232
Grinding

3 20 18.2 234 50 47.1 38.8 30 34.7 37.8

4 30 33.6 30.1 20 223 18.4 50 441 51.6

5 40 38.7 44.8 30 26.8 24.1 30 34.6 31.1

. 6 50 52.0 579 30 33.8 22.1 20 143 20.0
Mixing

7 20 21.7 24.8 50 443 40.3 30 34.0 349

8 30 34.7 31.7 20 232 222 50 422 46.0

for 8 sample 0.74 1.74 1.41 13.89 2.51 1.85

Mea“(i’/“)T)Or (E) for 4 sample (#1-44) 0.62 0.98 118 14.18 135 2.85

for 4 sample (#5-#8) 0.86 2.50 1.65 13.6 3.67 0.86

. (standard—XRD,,../urea) 100

standard
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