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Quantitative X-ray Diffraction Analysis of Synthetic Mineral Mixtures
Including Amorphous Silica using the PONKCS Method
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ABSTRACT : X-ray powder diffraction is one of the most powerful techniques for qualitative and
quantitative analysis of crystalline compounds. Thus, there exist a number of different methods for
quantifying mineral mixtures using X- ray diffraction pattern. We present here the use of Rietveld and
PONKCS (partial or no known crystal structure) methods for quantification of amorphous and
crystallized mineral phases in synthetic mixtures of standard minerals (amorphous silica, quartz, mullite
and corundum). Pawley phase model of amorphous silica was successfully built from the pattern of
100 wt% amorphous silica and internal standard-spiked samples by PONKCS approach. The average of
absolute bias for quantities of amorphous silica was 1.85 wt%. The larger bias observed for lower
quantities of amorphous silica is probably explained by low intensities of diffraction pattern. Averages
of absolute bias for minerals were 0.53 wt% for quartz, 0.87 wt% for mullite and 0.57 wt% for
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corundum, respectively. The PONKCS approach achieved improved quantitative results compared with
classical Rietveld method by using an internal standard.

Key words : quantitative X-ray diffraction analysis, Rietveld method, PONKCS method, amorphose

silica, mineral mixtures, coal ash
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(corundum)E  AF83}=  matrix-flushing method
(Chung, 1974a, b)3} reference intensity ratios
(RIRs) WX (Hillier, 2003) 5°| St} ol=g 347}
T o] g W B4 A I Ax e W
Ag o] &3t WA, B EMWE(Rietveld meth-
od)& 4T AA #39] AHARE ol &dt=
H(Full Pattern Fitting)°|th. | EWEHA = &
T A" 2FH e AL B 2T
Z Aus} 7718A AR ARE o]8HoE AY
Ry de A4 SAE &4 A "o g
Fol 7k 1 Aol g HAasA7)e Baleg 7
=3 ATzt ARH. JEHERNS 2y
B3] d 2 5 (powder diffraction data)E ©]-83}]
Feo ARTEENS TP da N &
AolAR, Aol AFE BE Ve 2E=
AeA FxEAET ofet FEELAEY AF
A= e AHESA HA(Rietveld,
1969; Jones, 1989). A5H oz Z 47 Fullprof,
GSAS, RIETAN 5¢] ZEWEW 7it AA+x
44 Z=IHL FRE HESH o]E o] &3}
TEZAH 2 AFEHe 79T F Ao =3 2
AeA o2 BIAHE Gt A #
AL A e FFo fEWER 7k
I 2 W E(SIEROQUANT ™,  Cerius™, DIFF-
RAC™® TOPAS %)o] H ol Wo| 7utslo] 4
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ﬂl{
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o

E3E AT, THAAE HYEAE TS S5t
FeERFEH] E8HI UtKSon er al., 2009;
Moon et al., 2009; Cho et al., 2011). =& A7
AR o] F ARTZ o|&d 7|uetA
I EFFENEY AS FHAHE tolE o] 23}
st FAAHCE AR E WY ZEIH
(ROCKJOCK)< o|&3te ZdMo HeFiio]
FY=7|% A THChon er al, 2006). 1L} £
T XMW S o] & FAFEAHE AR
AA e WA 717 FRd wE A E A7
AR 3 #dd BLE9 AUEd QoA
Ao} Q77 AT 7] Wi AFEAES F
g3toll oA AHs] W F7F dasitt
DIFFRAC™"® TOPAS (Bruker AXS Inc., Kar-
Isruhe, Germany) ZZEol= Al 7} FF/2
X-A 3 Ad ol g Fitting @] 7Hs3lth A
HAl= 24 +Z 29 (structural model)ZA 37t
T, AT, dE W 949 TR 9 AA T
ZEMEH QAES BT X3sta ok 7 W
e AR Ed(lattice mode)EA &7t AR
F, 7M. AARTE JIAE 3T, Pawley
phase©|U} Le Bail phase 25 EHETH Al WA=
313 2 9(peak phase model)Z4] #&H 3] 39] 9
29k WA A Z FHHAT o] Fo AR F=E
2dvte] AEH HEFEY 7|R HF X-
A3 EA4d A 87bsstth. 18y SlEME V)
g A X-A3E FEEHE BEREY AR U

ETHT TTH

BE FE] 5/, BT AA o1, 7t
Zro| sFEAe U AATRE 41 e M
< & of itk wEkd YA uH oy 4
At w$ $e FEAS x4 A9 g7
AATZ JE §lo] YEHMER 93¢ FEHFS
T8z AL wl-¢- oJHthBish and Howard, 1988;

Hill and Howard, 1987; O’Connor and Raven, 1988).
olFd A, Aol ZFH UA B WF &
FEHE o] &34 (Williams and Van Riessen,
2010), PONKCS (partial or no known crystal struc-
ture) W (Scarlett and Madsen, 2006)2 2|83}
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ojr, ¢k 40~80 wt%o] HAHE S X
ATh(Vassilev and Vassileva, 1996). H+ ©
M3 & AEZeHE AE&sie A7 &
8 AP glom, ofw HAl F W3 HE 7HA
= 542 vHH9] F4<4F | H(aluminosilicate)
Ed Qo] & Hh(Pietersen et al., 1989; Brouwers
and Van Eijk, 2002; Sindhunata et al., 2006). W
gt ek Yo vigd £ 444 FE4s
At Ae A9 AoZen A&E o
ojA Folm A g0t} H Williams
and Van Riessen (2010) X-A3]d EA3 XA
3 BN ARE ARt A3 AAA =
< Agsela o]& EWE vHgA v FHA
2 dFvvet viAd dgshs A= bk 9l
o] & bulk X-A3]d EARET ojyzt N8 F
TEE 1T HHY YF BFAIRY A 4
3, BoolE, Astd 59 Fa 74 FES o
S AAE AR S B Y5t

B dAFdAe HAd AegtsE ol Edsta
Ae A3 FERAE O RSt 7
A= AAE AYgt Y, BEOlE, A50=
TAE AFFESFANEE AZsIG 744 <
SHETFAEY HIHA A7t tiste] PONKCS
HHE 483 A XAHIH B4 79 L
TEAS o]&d #AFTH YEHEHY
719ke] A 1 AFE vlasty 1 oHE

2

Ng Z=H % X-M3E 24

AFBEEFNEE 474 & T3 nAgd 4
2]7Hamorphous SiOs, 99.8%, Aldrich), %1% (SiOs,
’\'99%, Slgma—Aldrlch), %E}OLEL(AléOBSiz, AldI'lCh),

744(a-AlLOs, NIST SRM 676a)0.2 4 g¥ A%

ATF=EFNEY FAFXA8H 4

Table 1. Synthetic mineral mixtures simulating the

simple compositions for fly ash (wWt%)

SaEl)p le Amosripohzous Quartz  Mullite Corundum
SA3 30 30 30 10
SA4 40 25 25 10
SA5 50 20 20 10
SA6 60 15 15 10
SA7 70 10 10 10

stom, 1 3 HES # ]
A EE PONKCS WHe H42
2 e st 9k 20 ¢ A=
Ao FHE AEEL ZF 8§ mL oEEE o &
sto] m| A B34 3] (micronizer, McCrone)ol A 5
B35 pm °oJstE #d EF 9 m|A|EEEE A
on, 50°Ce A7|2oM Ax F opAlolE At
Akl A A -4 sk T

X-A354d £4L Cu target?} LynxEye position
sensitive detector”} §-2 D8 Advance diffrac-
tometer (Bruker-AXS)E ©]§3to] 33ttt 3
A gEe 5°~100° 20 F7L 0.01° 2H, ~HT
12, 30 rpm¥} 0.5 rps 3| AY A& 2HO|A Y =
oz F5=HoH, 03° dakEsl 250 o3t
Soller £810] ARS-E1 0} AHtA| A8 £33} knife
edget AHEEA &Stk 7171 AK(fundamental
parameter) S T73l7] YA FYI 2HO0E BF
A & (LaBg, NIST SRM 660b)ll thak X-413]d 3
He FHS5Hth

P
N
M
—-G o

AR gl AdTERARE
Inorganic Crystal Structure Database (ICSD, FIZ
Karlsruhe)ol Al & 4 lom, I8t v= 3=
8}35]9] American Mineralogist Crystal Structure
Database (http://rruff.geo.arizona.edu/AMS/amcsd.
php)4t Crystallography Open Database (COD,
http://www.crystallography.net/)ol| A/l 58 4 3l
o & Aol HIFE dggt ojelo] AHEE =
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Lattice parameter a (A)

Fig. 1. Relationship between Si/Al ratio and the

lattice parameter a of the commonly encountered
mullite structures from the ICSD database.

7.62

7] ARTFZE FHE 1CSD 2009914 FHE o
A, BEolE, 75, P49 ICSD Wae 2t #
174, # 66448, # 63647, # 41413 Ho|t}. 49, 7
S, PHe AT x 9 FELAV) deste g E
HE F2EA 9 g XAH3H &4 3 A =
7] ARFZ JHo| wE Ao|7} A YEehA &
=0 284 EFOlEY A, AliaSiaxOnx 3
B TEAZA xE 0.14~0.49%2 7HAH, o]
wet AF X-A3H E4 2 S vHA H
o} Sio} AlY] FAARlE AR TR ARG 27
of wj$- LA FHBAE A7) "ol 7] 2
ATZE A3 sloA F83 X2 AHSE
& k. webA ICSD 20099 EdholE AR T=
EolA AFEHE AALT a9t SVAl 1A 24
Hlo] FAAAE EAGIHOH, daHE g EME
TZ2EN A2 o AAET a (7.5818 A)%
744 A ICSD # 66448 (Aly75Siias0963)e] B
gho|E AR TR HHE 7] AATE RYPSE
AT E 1).

2 EME FZEAL Bruker DIFFRACPLUS
TOPAS (version 4.2) ZZ1H S ALg-3lo] A4S
Ko, 3] - Yl (peak shape)ol] &S A=
Ejgh 2 7]7] %) A (instrumental parameter)= X-
AE3)d g EFAIEQ LaBed 3EASE
o] 83} FPA (fundamental parameters approach)
WS 2839 tH(Cheary and Coelho, 1992; Ortiz

—

Table 2. Five internal standard mixtures of SAS5
sample and fluorite (CaF,) (wt%)

SainDple Amgripohzous Quartz Mullite Corundum CaF,
SAF1 45 18 18 9 10
SAF2 40 16 16 8 20
SAF3 35 14 14 7 30
SAF4 30 12 12 6 40
SAF5 25 10 10 5 50

et al., 2000). YEME FZEH 9i4E 2AY
AzL 04 Ak, ZIAA e A, S f HE
4 AL, crystallite size 1A}, I3 e g <
A, A2 A FHE AR, A <
UE A 522 FAEH oy, & AFdAe
TFZ2EA Addelle =AY A, 0" AAL, 71AA
(background) &< QAL TIE QAL crystallite
size (L) 1ARE Ao, 1 99 e %
7] TZREYY 7|2 FoE 1A
PONKCS <& A&3 vAd dej7te 2%
2L TS Sstd WiRREEdEE ¥4
(fluorite, CaFa, 99.985%, Alfa)S AH&3H3 oM,
EF AR o] st & TF 4 g5 7IE
O SA5 NEs Yo EF HeE AR &
HEFATHE 2). SAS A 59 CaF, W& 9:1, 8:
2,7:3,6:4,5:5%4], HIFZ 719} CaF, Hl
2+ 82:1.8, 6.7:3.3,54:46, 53:5.7, 3.3:
6.7°] gy WEEFNE SHFAEES AT
FEIHAESY Y PHoRE mAEEsA
£ o] &3t FESA EFetal wA st
H] 3Tt

i 2k

Z o

iy

o

-+
all

9l

PONKCS ¥HS 283dto A4 dej7te] 2
RS 7457 Adide A F SAY A4
o] ozttt 3 WMAEE Pawley phase (lattice
model)E& TAStE QAloIH, F WAL ZMV (Z
= No. of formula units in unit cell, M = molec-
ular mass of formula unit, ¥ = unit cell volume)
A ARt DAY A7|A ZMe S E
TS, V= BHE 23S it nAd Ay
7he] X-A13)d 'l oF 21° 20 F-ollA FHle
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Fig. 2. Powder diffraction pattern of amorphous SiO,
overlaid with calculated pattern from Pawley phase
model.

34 9 3E Bt vAA AP 7+E Pawley phase
2 FAs7] Y8k 21° 20 B2 AL S £¢3)
of Fr9 99| A& & 7| F7Vstal, TOPAS
T2 iterative least-squares indexing (LSI
indexing) s ©]-&3t] HAo It Tejx A

£ 71439t 714 ¥ Pawley phasex= ©EH
E FZEMOE AlLtE o] AP A Y] I P22,
a = 730433) (A), b = 5.172(24) (A), ¢ = 4.508
(14) (A), &YZ 73 170.3(12) (AHE AAHS
o ojuf YEHME FxEA 9 IHEE AA e
ZH2F A F(residual index)$] Reyy (expected profile
R), Ry, (weighted profile R), R, (profile R), GofF
(Goodness of Fitness, Ryp/Rexp)= 27 3.83%,
3.84%, 2.87%, 1.000.24 F&3 AEE Ko
FAHH 2). AA F2EA] drp Z o] F
NAHMEAE AN ATFE GofFUH Ryy/Rexp
HIZ UE ™ Ry Rep A9 AFol7} 245
TEREM] AFAHOE FYPHUATT & Stk
2 EME A o] E(Bish and Howard, 1988; Hill
and Howard, 1987; O’Connor and Raven, 1988)¢l|
e, vgd gt ZmMe 1 SEFmW), T
ZEME 2AY AAKS), WHEFA B(CaFy) o ZMV
Aol ofste] AAE W (Scarlett and Madsen,
2006), T2 Aoz geokdt)

amorphous Si0,

ZMVe,p,

I/I/;Lmor phous SiO, SC al,

I/I/C aF,

amorphous SiO, * amorphous SiO,

Z]\/Iamrphous SiO2’L1_:. SAS /\]E—_Q]— 57]';(] Can LH“?"

ATF=EFNEY FAFXA8H 4

Table 3. Summary of Rietveld analysis agreement
indices for the internal standard mixtures and the

synthetic mineral mixtures (%)
Sample 1D Rexp Rup R, GofF
SAF1 3.69 4.95 3.86 1.34
SAF2 3.92 5.19 4.07 1.33
SAF3 4.11 5.38 4.22 1.31
SAF4 4.24 5.63 4.44 1.33
SAF5 4.53 7.16 5.69 1.58
SA3 3.56 5.60 4.36 1.58
SA4 3.53 5.28 4.11 1.50
SAS 4.18 5.08 3.84 1.21
SA6 3.44 4.86 3.75 1.41
SA7 3.43 4.60 3.57 1.34

Note: R, (profile), Ry, (weighted profile), Re, (expec-
ted profile), GofF (goodness of fit) according to Young
(1993)

REEINEY F2E4 2A2RH 28 £
AR o3 AREEH, HaASHOE S7HA
ZMamrphous Si02 7:"/1\_].— 7H}\_y/]' /éxﬂ %‘%}: %}]\—'O/] i]'7]' é]
A3lEE @S At

72} 57EA 9] AT FEEFASSY WREFE
TN E O HF HEHME F2EAY A
55 A= A2 AG Rexp, Raps Ry, GofF (Young,
1993)= 3 3 AASHIT 3 i E Q] AR
g PJEME F2EA ARES 19 39 =A
ST FEREA AT F oA R VgEE A
F Rey™ 3.43~4.53%, 7F5A AF RyE 4.60~
7.16%, RyE 3.57~5.69%% YEFSTH GofF #&
1.21~1.582A, 53 FE4 22 X-d 24+
Z 34 AREAE S8 AT F e FEL
2 Agdh CaF, WHREFEHD EFARY YE
HE AR Ao}t AFFEEHAE T
PONKCS A#FeA ZAxe &
skt

PONKCS ¥H2 HIAA o]l =AY 74
e ARTE R} BEste] BT X-A3H
Azt ARTE FHE 100% TL3HE YE
HE AT E49 RS Fo|7] o A
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Table 4. Rietveld quantification results of the in-
ternal standard mixtures, and PONKCS quantifica-
tion results of the synthetic mixtures using the
Pawley phase model for amorphous SiO; (wt %)

Sample Amorphous

D Si0, corundum CaF,

Quartz mullite

SAF1 43.29(25) 18.558(67) 18.684(98) 9.467(66) 10

SAF2 38.13(20) 16.693(64) 16.88(10) 8.288(66) 20

SAF3 32.80(19) 14.680(61) 15.23(11) 7.291(66) 30

SAF4 28.43(18) 12.525(61) 12.90(12) 6.149(69) 40

SAF5 24.27(21) 10.121(70) 10.55(14) 5.060(81) 50

SA3  26.13(34) 31.14(16) 31.84(19) 10.898(91) -
SA4 38.75(27) 25.26(13) 25.49(16) 10.495(83) -
SA5  48.59(28) 20.56(12) 20.06(17) 10.785(97) -
SA6  60.25(20) 14.938(85) 14.51(14) 10.297(83) -

SA7  72.46(15) 9.388(58) 8.51(11) 9.643(74) -

Note: Esd’s on the last significant digit are in paren-
theses

EXE E4Ed, NHE &4, 93 59 AF
=4l v F&etA AHEE Utk AT o

AgAEo] gHH 2kl E U pooly ordered =EZ U
o|ES} 7}29] AH#FEA(Scarlett and Madsen, 2006;
Scarlett et al., 2008; Wang et al., 2011)°]1}, H]
A Aerslel WELEY S dAls JRte R ¢
A 2 Z 2] (geopolymer)®] 78 F&A}(Williams  ef
al, 2011)°l 32 AHEH v} gtk £ AT
oA HHZ AHeg7E Pawley phase &
43 PONKCS < A8ato] HaFiA
& A3, A A dYgte] A5, o % oiHl A
Z(bias)e] Aoz B2 1.85 wt%H T 30 wit%
o] R4 Ae7ts X3 SA3 ANEE Al9stH
H78d Ae7te] A F%F tHl 3 wit% ol o] A%
AE AT Qo nAd Azt FEFo] 30
Wi%E ol metA dFEFe thulste] At
AH7tE = AE HoleH, ol W e v
2 A7t Bole w7 A ujElo] vy w&

o] Ao etk 1Y SA3 AR AE U
< o vAA A7yt Hole w7 A
o] Yoo B3l 4 FF thv] 4 wt% FE
o] AL HAFAHIY 4).

10000 — a) “+—+—F Yobs
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Yobs - Ycale
! Bragg_position
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Intensity (cps)
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[
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uartz [ [ ] " o i
[Mulite I R N T R A T T T TR T NI R T ]
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= ] J SA5
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Muiite [ T I R BT R T T I Y N N I AT I
(Corundum | [T R R I T I R AN TY S B
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2 Theta (degree)
Fig. 3. Plot showing the observed, calculated powder
diffraction patterns and difference as determined
from Rietveld refinement for a) SAF1 and b) SAS
samples. The Bragg reflections for the phases are
indicated by vertical bars.

aurel] Ao, EefolE, AL A, AH9
Azt HHFS 424 053 wit%, 0.87 wt%, 0.57
W%ATHE 4). ZE ARAA 244 38U 4
%, ETOIE, 759 o gl distd 2 wit% ©l
e A9Hs HoFo2A vlud s A4
59 AFEH] FYPHATS AT + AT
(1" 4). SA5 A5 st 10~50 wt% HIE9
WHEEEH(CaFy) T3S H83 154 ¢
EME AFEA ZAAE3 PONKCS HHE A&
3 AFES wwskH, PONKCS W ZAijoA
A Azl e xI3 BE FERA
A FFo O AHo] Juldoz BA e
(18 5). WetA PONKCS WS vy Ay

K e

o

FEY =40 O B X-A3E FFEHE
BT w YukAog gD F 9le A0 /Y
o
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Fig. 4. PONKCS quantification results of the syn-
thetic mixtures using the Pawley phase model for
amorphous SiO». Error bars represent a 60 range of
quantification results. The “bias” represents the dif-
ference between the weighed and measured values.

74 =
—

2 AqoMe Hes FEXAYY g BAE
Asted nAgA Azl AY, EEolE, o=
AZT AFFEIFANZE UJoE ZEHEH
3} PONKCS WHS H83 Ay X-H3d 24

PONKCS <& A83 nyd dejzte] 2%
28 AAALY FT P22, a = 7.304 (A),
b =5.172 (A), ¢ = 4.508 (A), B E H3] 170.3
(A)E AAHNCH, ZMunphous sions 2.1172 2
AE % th PONKCS WS o] &3 AFEA A3,
30 wt%2] A AEgtE £33 SA3 AEE

Asre wgA Aeizte) 9 FF ol 3 wiv o
Yol A$Ae nolFYT. EH RE AN 2

A7 F2Q 4%, BeholE, 239 9 ¥l o)
stof 2 wive olle A9HE HelFoEA W
A Ao gusel JPEHol FYHUSL ¥

A3t

YREFED EPWS 489 AFH gedE
Ak Astol] vlake], PONKCS ] Ao
[e]

A RE Fexde 4 TF
Aoz W yEist. o
PRle] migd dejzt =3 01%%%
tiete] A= 4 =44
4 Agstes 2= B FEE %L%élfﬂl EH?fL
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Fig. 5. Comparisons of overall bias between the
PONKCS method (closed symbols) and the traditio-
nal rietveld method (open symbols) using the dif-
ferent ratios of internal standard (CaF,) for SAS
sample including 50% amorphous SiO,. Error bars
represent a 60 range of quantification results. The
“bias” represents the difference between the weighed
and measured values.
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