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ABSTRACT : The physicochemical properties of clay minerals have been investigated at the atomistic
to nano scale. The microscopic studies are often challenging to perform by using experimental
approaches alone. In particular, hydroxyl groups of octahedral sheets in 2:1 clay minerals have been
hypothesized to impact the sorption process of metal cations; however, X-ray based techniques alone, a
common tool for mineral structure examination, cannot properly test the hypothesis. The current study
has examined whether computational mineralogy techniques can be applied to examine the hydroxyl
structures of clay minerals. Based on quantum-mechanics and molecular-mechanics computational
methods, geometry optimizations were carried out for representative dioctahedral and trioctahedral
phyllosilicate minerals. Both methods well reproduced the experimental lattice parameters; however, for
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structural distortion occurring in the tetrahedral or octahedral sheets, molecular mechanics showed
significant deviations from experimental data. The orientation angle of the hydroxyl with respect to
(001) basal plane is determined by the balance of repulsion between the hydroxyl proton and Si
cations of tetrahedral sites; the quantum-mechanics method predicted 25 — 26° for the angle, whereas

the angle predicted by the molecular-mechanics method was much higher by 10° (i.e.,

35°). These

results demonstrate that computational mineralogy techniques are a reliable tool for clay mineral
studies and can be used to further elucidate the roles of hydroxyls in metal sorption process.

Key words : dioctahedral, trioctahedral,
structural distortion, phyllosilicates
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A FEZ B FATEE Z2H=tK(Sposito ef al.,
1999). AAAg ol A &3] WHE= HEFES T
AR xS} w22 AR Aoz 711G =
53 EYstehE 54 wjitel] teket S-8itokel
A= g AREE I ItHMurray, 2000). 53], 73
SAoL} o] st F3t TRHow Z=Z4Lw)
WALEES X3kehe oy Hrle AR 2 A
ol A &?} VBERE AT FEZEY
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=
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Yi et al, 2014). HAEZES ZAATZ(crystal
structure), Z&(vibrational) RE = EH3T} A
A(thermal stability)ol] tgh AAIgH FH =3+ A
AbgEsto 7 AL 4= 7] wlEol(Refson et al.,
2003), HEZE FA7] ATl 48e Hedshk=
WHO 2 ALEES] ARRE o 3l

AgEse A EAEEE(molecular
mechanical)  AAHPHI A TH(quantum
mechanical) AP oz FRAT ExHshE
WO A|AELS o|2 1 9l= 747 AAE AFo]9]
qUAE FEIGsto R YehlH, Axtel 97t A
ol9] AqUAE UHelE e Al=Ee F/
w2} Zb7] o2 gebeE M E(force field)E AMS-
3t Gonzalez 2011). Force field= 23 =
s AERE Al ui) dsst
(parameterization) A AA AL 4 Aok w2hA &
AT A FAGER ALt B4 wE
3 Ho 2 AZEE ALk ¢ lon, O AkkE
o] AE) A2 force fielde] H(quality)oll wet =
Al 292 7 Aok FAASH AR S 423
S 2= 7Pi(adjustable) IE}PIE]o)] o]&ES1A] &7
wj&oll, &3] ALY (first principles) £ ab
initio AXelet BE7|% itk Az Wby
FZ A 2Hle] Az} vl dE(ground state)ol] 3
sk olyA|et 25 ’ki]@?l o g2 AlLkst
<o, A AsbHel vt Algto] o
AgA 9 A= guix oz o =u}

ol =EoAE FHol TR HEJE F
A7) Apole] A ATl AAREESE o] &
7Fsdoll tiste] 2ARsISITE SrAkedg=l A
O] E(gibbsite, Al(OH);), &4 (brucite, Mg(OH),),
7H&Euo| E(kaolinite, ALSiOs(OH),), ZAHo|E
(lizardite, Mg:Si,Os(OH)), T}e]=Z2}o]E(pyrophyllite,
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Fig. 1. Crystal structure of (a) gibbsite, (b) brucite,
(c) kaolinite, (d) lizardite, (e) pyrophyllite, and (f)
talc. Polyhedra represent octahedra or tetrahedra.
White ball represents H.

ALSi4010(OH),), E4(talc, Mg;Si;019(OH),)ol
st HAgESte] F JHA AP S ARESk
NG 22 A 3K geometry optimization) Z3}=
A@AF e} vlaste] Arbge] Zhzke] 412 7
1 A tiste] B, 53] ulo|zdEe|E
o] 4719 Wakd(orientation)ol] Tiste] Eo

o7

o] Atoll= ZJALo| E(gibbsite, AI(OH)s),
X (brucite, Mg(OH),), 7FHEUo] E(kaolinite,
Alei205 (OH)4), E]Z]-U‘rolg{lizardite, Mg3Si205
(OH),), Fto]ZFHe o] E(pyrophyllite, AlSi;Opo
(OH),), %L/—‘ﬂ(talc Mg3Si401()(OH)2)9] ARTZE
AHE-SHATHFIg. 1). ©] FEES AAg ) de
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ik
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z25 7RItk ZRAISH AFEAIZO] ¢ F& et
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3k ouzel dgEEs JguRlE YER)E
non-bonding #A}{K(intermolecular) oA E e}
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ZFJ|(intramolecular) AIUAE YERAT, ZF4
Ae o 2ol AA] FdH T

e’ 4,4,
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= e AakE et weEns dus
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, k= §53 4=, infraredl}, Raman spectras
FalA ARFoE dojd = Qe Adgolth 7
Aol ezt gejrleel Azte] det= 2
429 FFet A% WA w2l Cygan er al
(2004)0llA F01%1 Fh& AR, A (4)9 (5)
of 3F3t= olA] a2 o] Alktel E3EHA| oF
ko

T2 HAHste FH 2R JquAe
0.000005 eV, AAL] F(force)e 0.03 eV - A, &
Z(stress)> 0.03 GPa, W$(displacement)=
0.0005 A olats ARSI F71A =
(periodic ~ structure)E ZH= FEY HH7H
(electrostatic)  olA|e} R 22~ oA
Ewald summation (Ewald, 1921)= AR8-3le] A4t
sttt R 2k ouf x| o] A, Q193 299
WAZE AARRE Abo]l Agrr of| A 73 o)
(long-range)ol| Xl F-AE AT} H 22 cut-off WF
7 125 AE ARgste] o] W oufe] A} 1o
/15 Rt TR o) S
A&t (quantum mechanics)S 0|26t
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P 0Q
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GRS Ak WEHEro]E(density functional
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Hohenberg 1964). 45483 thdx= 749
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1965). T3F W29 SUEURNH)S Tt 2tk

H= T+,
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A714
_ , n(r’)
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V..o AAe] w8kt ZEIE(exchange-correlation

potentia) = 71 AUA|= AL A H]Ste] u)
- ZHA%F DFT At #e] Ages 94 24
T Stk DFTAA e wdagrs aausd
AKlocal density approximation) Hi= LHks}
vl ZAKgeneralized gradient approximation)
AP o] &3ttt o] AFolAe dutskE Ewf
TAPH(GGA) F Perdew-Burke-Emzherof functional
(Perdew et al., 1996)S A3t

o[l DFT AlttllAe ds3d+5 Uehlie 7]
A &F(basis set)ZH HHIKplane wave)S A
3= CASTEP (Clark et al., 2005) DFT ZE=Z
AREFATE Ak We) @} HapAtel o] gk Q1Y
< ol Be Y HHYE Feg sk,
ultrasoft pseudopotential (Vanderbilt,1990)S A&
st} 7148 5 SRk A1 ZALE Qs
o AP S(precision)ol] P FAFH o
(numerical error)7} WA=, ol AlLabA e
ZH(convergence) =S YEMITE 53|, 714
o] 27 (% AR cutoff energyZ EH)S}
HHus JA4AE ALtsks d 83 k space
sampling THAEE 23 T3 ALRIA
o7] WjZoll, FHE AL AHE S F U= F
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= cutoff energy®} k-point grid (LB E)E ZA
3tk ololl 700 eVel cut-off RIS ARE3]
BE F= AR FsoH, F842 6 x 6 x
6, HAIEE 6 x 10 x 5, EATIOIEE 6 x 6 x
4, 7HETUOIEE 7 x 4 x 5, BAL 6 x 4 x 4,
To| 20| Ex 7 x 4 x 48] I EE AMESIA
o 7= FHAste A v 2o EE BAAS
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Table 1. Geometry optimization results for gibbsite and brucite

gibbsite [Al(OH);]

brucite [Mg(OH),]

pSat:;r(r;lt;r;ls ClayFF DFT EXP* ClayFF DFT EXP*

a 8.88 8.74 8.68 5.16 5.51 5.54

b 5.06 5.10 5.08 5.16 5.51 5.54

¢ 9.64 9.72 9.74 453 4.88 4.84

o 90.0 90.0 90.0 90.0 90.0 90.0

3 89.3 91.9 94.5 90.0 90.0 90.0

~ 90.0 90.0 90.0 120.0 120.0 120.0

d (AMg-O) 1.96 1.92 1.90 2.17 2.11 2.13
angle (0-Al/Mg-O) 90.0 90.2 90.0 90.0 90.0 90.0

*EXP (experimental results): gibbsite (Saalfeld and Wedde, 1974); brucite (Mookherejee and Stixrude, 2006)

(atomic force)°] THEE HEE o]gste] FH
IRl 7IAEre F71E 2SI H2AEAR
550 eVellA FHEEHE A4S e F AU 1
2L} 550 eVE ARSSt FRAAIE TS A
T, To|2HO|EY] ¢ F AT T THE
2 &1 AL 73 F7kske AdE 4k o=
U F7]9] ultrasoft pseudopotential 7] A 3TE
2 oA, FE| Faj7} Wil wet HH
I} 71 Ao g7t DepAA Fu) Wl ofgh A
A qA7F EALH R Wslste] A7 A}
ot AAE & T Jok o= {3 2719 1A
e ARSI wEel JEhdM &3] Pulay
stress2} E2]7]% $FCH(Francis and Payne, 1990).
CASTEPOIA o2 QIgt At Alikste Ao
UAE BAT AR glo]2Feto|ES] 2
HAslAGol M= aE w9 ZA ALEA,
500 eVEE 1 A3 A ¢ F Fe EE F 1
At 23y, cut-off AJAZE 700 eVE AHEE
S o, FHE ¢ F 10170 AL & F AN
o} 1,000 eVE ARS8l AL ¢ S AR @
£ 10.159 Acllom ol AFolxE 700 eV
cut-off YA E A3t Th

E

b
i)l

-

o
o

ot f=TX

WA 0 2 DFTE o83 237} ClayFFE Ab
AHTE Azl B X8I o, ClayFF
185 At Ad} =5 AgdolE & 2 vkYs

i ofo
o r i

Atk BRHEASHORE o]Fojx] FEH 111 7&
Zhe FEolAE DFT Altke] eak= oF 1 %
oo, Ho eAE-S Hw|EH 3]ALo|EL
ARG gk FelA s AN AT
27F Al 6.4 %R O, DFTS oAb+ Ao 2.7
%E FAHS ALtEo o AgsttiTable 1).
111 725 zte 359 A5, 5HHoE AR
BE FASE g, b, =0l i3 A4t A= B}
A3tA AR B Beeti o), FAHORE
2 zolZ Holx| kghtiTable 2). EARE AT
(interatomic distance)2} AAZN a, 3, v)E LT
R gAY Apbdirt o B 0AES HY
on F Al W nE Ao E & wYgse
Z10 & e

DFTAAE 2:1 FE ¢ o] Ag3t ¥o ¢ =2
Al A= ATHTable 3). So]2He}olES] B¢ ¢
2ol th3k S 935 Ao|loy DFT AlAH2
I=10.17 ASZE oF 88 %2 A= HYom,
g4 A Az 946 AT HlwE] RS o
DFT A4FE3 1020 AZ oF 7.8 %o 2482
Btk BE ¢ 5 Zold tig A= st A
AZQl Fujel HEqAE ooz & A&
B}, solzFelo|EQ] ¢ DFT A4t Ay}
Halol A 10.4 %, UE 8.9 %9 xE HoH
o] 7§ By 95 %, U= 8.7 %2 245 B
Ak ol FEFEY I T Abold AEdte
| 2 2y(van der Waals) 33 22 oFst 435
28-S 1HEA] Y= DFTY A4 g o]s)

£l N
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Table 2. Geometry optimization results for kaolinite and lizardite

kaolinite [ALSi;Os(OH)4]

lizardite [Mg;Si,Os(OH)4]

;atrr;r‘r’gii ClayFF DFT EXP* ClayFF DFT EXP*
a 5.16 5.20 5.15 5.35 5.35 5.33
b 8.97 9.02 8.94 5.35 5.35 5.33
c 7.43 7.49 7.39 6.98 7.44 7.29
«@ 92.4 91.52 91.9 90.0 90.0 90.0
Ié] 109.3 104.8 105.1 90.0 90.0 90.0
~y 90.6 89.9 89.8 120.0 120.0 120.0
d (Al/Mg-0O) 1.95 1.92 1.91 2.12 2.08 2.07
d (Si-0) 1.57 1.63 1.61 1.60 1.64 1.64
angle (O-Al/Mg-O) 89.7 90.4 90.3 90.0 90.0 91.2
angle (O-Si-O) 109.5 109.4 109.5 109.5 109.4 109.4
*EXP (experimental results): kaolinite (Bish, 1993); lizardite (Laurora et al., 2011)
Table 3. Geometry optimization results for pyrophyllite and talc
pyrophyllite [ALSi4O1o(OH),] talc [Mg;SisO10(OH),]
psatrr:;t:treils ClayFF DFT EXP* ClayFF DFT EXP*
a 5.15 5.20 5.16 5.29 5.33 5.29
b 8.99 9.04 8.97 9.19 9.23 9.17
c 9.66 10.17 9.35 9.04 10.20 9.46
@ 90.3 92.5 91.2 89.7 90.3 90.5
08 97.6 100.6 100.5 96.2 98.0 98.7
5y 89.21 89.71 89.64 90.1 90.0 90.1
d (Al/Mg-0O) 1.98 1.92 1.91 2.11 2.08 2.07
d (Si-0) 1.57 1.62 1.62 1.59 1.63 1.62
angle (O-Al/Mg-O) 90.4 90.5 90.4 90.0 90.3 90.0
angle (O-Si-O) 109.5 109.5 109.5 109.1 109.5 109.5

*EXP (experimental results): pyrophyllite (Lee and Guggenheim., 1981); talc (Perdikatsis, 1981)

2 4 9O m(Tunega et al, 2012), o= T3+ 1t
o|Z2gglo]|EQ} &Alo] o]f= 2:1 FROA ¢ F
WFOZ fo-t AFo F2 Hid 2~ Flo] 2
st UdSS 9rs|=  Qth Lee and
Guggenheim (1981)2] XRD Ao 2|3t vlo]2
Heo]EY ¢ =& 935 AoJAT GGAS AMR-3H
DFT AlXtlA = ¢ F9] Aol7t B4 484 B

o o ZA AxEk ¢ = 10.106 A (Refson er
al., 2003); ¢ = 13.17 A (Stackhouse et al., 2001);
10.138 A (Voora et al., 2011). o] ATl AL
{52 AT DFT-D (DFT with dispersion
correction) WS o] &3le] F3} F Alolo| g
ste wiEds I8 18 F Uth(Voora ef
al., 2011). Voora et al. (2011)3} Tunega et al.
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Fig. 2. Distortion of hexagonal cavities (SiOy tetrahedra)
to ditrigonal cavities. See text for notation.

(2012)> DFT-D W&
<+ c & AR

AMEEt] Akt 71t
ZH9.33-9.41 A)S Atk

=1}

CEREE

um

ZEE

HI

Aol He Bes IA AEHAEREEE
24, ATolE, &4, O]%Lﬂﬂ]%%(@/\}oli,
7HEEUelE, do|2Z ol E)E ER/T F Ut
AEAAGES SAATe Yol A §lo] &=
< FHAE dol&(Mg)el AL U= W, o]
aﬂﬂxﬂﬂg 3709 Al «gtﬂxﬂ 2705 A 1A
Je TRE /I 11 Ee 21 FE A
¥ Adsta de ARAZTS Zxﬁ* ztolof] 7]
It Ao &7 L"?#-(’%%‘?iiﬂ AE THAY
SZT2lA FA HEY FZ(ditrigonal HH)E
Z+=THFranzini, 1969; McCauley and Newnham,
1971). 72HHslE FE 5 AMEA} FEA 7}
Agste 725 Zte 7R Ul ES gAtolE,
vo|2Fejo|Eol &S o E A 9 &
AAe Fx23 FEE AEE otk olE 9
3] Lee and Guggenheim (1981)°] AR&-3+ 3714
e Bl S o]-83Ath 1) (001)He] AFAAS] 3]
ARE( TSt o2 Ag AFEAIY] FHAH Ak
29| #Z(A0) WkFig. 2); 2) AEAT FA(T
O, 3) ZAAZ9 flattening (SF717F gFoi )l

e B7 2 2(y). 2 steiEel g A
e et gk

Tio (deg)= %[1200—(0b-0b-0b angle)] )

AO (A)= e €1 COS( Z1or) (10)
, Op-0p-Op= S48 TZE o]F+ basal plane

-/] oYA} ]“;Tj"% Z+g 9 ]‘:’]’Uz](Fig- 2), e

Fig. 3. Thickness of octahedral sheet(O,) and O-O
distance of tetrahedra(e.). H: white; O: red; Al:
magenta; Al: yellow.

ARAE ol
(Fig. 3).

= 35(0-09 BFAo)E oJnant

Ty (A) = [(basal 02 BT » FHF)
- (apical 09 ﬁg-ﬁ’- z 3]

¥ (deg) =

cos”(%oh ~Hd Al— O(OH) A& )  (12)
, O, =(“upper” O} ZHAIZ] OHS| Bt » 23%) -
(“lower” O3 ZRAS OHS| H+t z #3)]

sin (180 — 3) x c-% Zo|(Fig. 3)

AAA ] B2 Akax(apical oxygen)Z} ZHA <}
St 2% u), AMAlE o= A= (T
sto] Zh HAA Akagte] Agj(ew)7t HEksHAl €
o} AHEAA o] 79 APRA Y] B-e] A9 glon
olZHAS A AFHAE T ~ + 20° BEY
317& st ZEeKMcCauley and Newnham,
1971). DFTS} B4t ALt 25, A ZAze} v}
A Z o] FHA F=9 ‘TLZW HAEd A=Tt
A FEET ¢ It 29E BAFSY
(Tables 4 and 5). 53], AFAA 3HF=Q] Trot
s AR, o] WA ALAN Fro] AHEHA
AA] Ble) B & & 7HHTh ol ZHA <}
A Abolo] Al HEE Aee AP3EH
o} s, BA9s Al4KClayFF) Trot A=
AT B2 AolE HoAAFRHh o|FHA F=
AN AN T)ol 7HElUolES] A4 2.6°, 3%
o|ZHeo|ES| A4 2.1°% HAZE Btk o 20
A Sulf A= ZHA| ARE QLT ClayFFe 57343+
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Table 4. Structural distortion parameters calculated in 1:1 minerals, kaolinite and lizardite

kaolinite lizardite
parameter ClayFF DFT EXP* ClayFF DFT EXP*
Tt (deg) 2.6 5.7 7.1 0.8 1.6 3.6
AO (R) 2.97 3.05 3.02 2.99 3.08 3.05
Ty (A) 2.34 2.82 221 2.02 2.18 2.16
1 (deg) 55.4 57.6 57.6 55.9 58.4 59.1
0, (R) 2.21 2.06 2.05 2.32 2.18 2.17

*kaolinite (Bish, 1993); lizardite (Laurora et al., 2011)

Table 5. Structural distortion parameters calculated in 2:1 minerals, pyrophyllite and talc

pyrophyllite talc
parameter ClayFF DFT EXP* ClayFF DFT EXP*
T (deg) 2.1 8.1 10.2 1.4 1.8 1.7
AO (R) 2.96 3.03 3.00 3.02 3.10 3.09
Ts (R) 2.02 2.17 2.15 2.04 2.23 22
¥ (deg) 56.1 54.9 57.1 57.1 59.5 59.7
O, (R) 2.21 221 2.08 2.31 2.11 2.08

*pyrophyllite (Lee and Guggenheim, 1981); talc (Perdikatsis, 1981)
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Fig. 4. Tested initial configurations of OH groups in
pyrophyllite (a-case 1; b-case 2; c-case 3; d-case 4;
e-case 5; f-case 6).
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