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ABSTRACT : Siliceous mudstones are embedded on a large scale in the Tertiary formations of Pohang area.
Some useful zeolites such as NaP, (Na,TMA)P, analcime, and hydroxysodalite were synthesized from the
siliceous mudstones by treating with the variety of solution, i.e., NaOH, NaOH+NaCl, NaOH, NaOH+NaAlOa,
and NaOH+TMAOH at the low-temperature hydrothermal system ranging 60~120°C. Major precursor of
zeolites is found as opal-CT in the zeolite-forming reaction. Smectite, which is included in considerable
amounts in the mudstone, appears to play a major role of Al-source in the zeolite synthesis. In com-
- parison, chalcedonic quartz and mica are rather insoluble in alkaline solution, and thus, these are observed
as major impurities in the reaction products. An addition of NaAlO to NaOH solution is effective for
eliminating these impurities in the reaction procedure, though these are partly dissolved when elevating the
reaction temperature, concentration, and time.
Phase change from NaP to hydroxysodalite takes place at the NaOH concenirations of 3.0~4.0 M, and
the reaction is not sensitive to the temperature shift. NaP is more stable at lower NaOH concentration and
higher activity of Na', whereas analcime is sensitive to the temperature change and stable at higher than
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100°C and 2.0~4.0 M in NaOH concentration. For the pure NaP synthesis without any other products,
the treatment of mudstones with 1:1 solution of NaOH and NaAlO. turns out to be quite effective. NaP
was successfully synthesized together with analcime at 100°C as well as lower concentrations of
NaOH+NaCl solution. In addition, the organic type, (Na,TMA)P was formed together with smectite in the

1:1 solution of NaOH and TMAOH.

Keywords : siliceous mudstone, Opal-CT, zeolite synthesis, low-temperature hydrothermal system.
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Fig. 1. X-ray diffraction patterns of siliceous mud-
stones.

TE(mica)F BEEC] SM-13 SM-3 A]F o] A
k7t FHEE Aol FAola, AFEA(plagio-
clase)™} & X (pyrite)> BLE oS0 A AP
a4 gle zé]t U s AR §

A HtH(Table 1).

BELGNA on] d S uet o), g3tz
A glelM 74 otEe EL S0, FHE

LFEPATHTable 2). SM-29] Si0; FEH(59.30 wi%)
o] SM-3(70.67 wi%)el|l HlE|A] AujHo s v
A BAFAL, ol f71%e Firm Feld

Table 1. XRD quantitative phase analyses (wt%) of
siliceous mudstones determined by Rietveld method.

SM-1  SM-2 SM-3 SM-4
opal-CT 63.8 77.0 56.3 79.0
quartz 13.6 11.1 17.7 10.1
smectite 17.0 11.9 24.8 10.9
mica 5.6 tr. 1.2 tr.
plagioclase ir. tr. tr. tr.
pyrite tr. tr. tr. tr.

tr.: trace or little
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Fig. 2. SEM microphotographs of siliceous mudstones showing mineral compositions rich in silica

minerals such as opal-CT and chalcedonic quartz.
A. Opal-CT and smectite associations in SM-1.

B. Opal-CT (lower right) and smectite (upper left) aggregates in SM-3.

C. Globular opal-CT lepispheres in SM-3.

D. Smectite '(left) and opal-CT lepispheres in SM-1: Note the quartz on the upper right.
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Nag H|£E3 7|} AREL Fujg SHFfHE
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AgeelEY FEEE e () 22=4
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Table 2. Chemical analyses (wt%) of siliceous mud-
stones determined by XRF method.

SM-1  SM-2  SM-3 SM-4
Si0, 60.11  59.30 70.67 64.11
AL O3 7.81 5.62 10.04 8.89
Fe,05* 3.92 1.69 1.95 1.84
TiO, 0.32 0.22 0.41 0.39
MnO 0.01 0.01 0.01 0.01
CaO 0.03 0.03 0.03 0.03
MgO 0.39 0.39 0.39 0.39
K>0 1.21 0.78 1.25 1.19
Na,O 0.03 0.09 0.12 0.03
P20s 0.33 0.03 0.04 0.03
L.O.L 2534 31.50 13.64 21.91
Total 99.50  99.50 98.86 98.96
Si02/AL,03 770 10.55 7.04 7.21

*; total Fe, L.O.L ; loss on ignition
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Fig. 3. X-ray diffraction patterns representing zeolitic
alterations of the siliceous mudstone (SM-3) vs. the
treated NaOH concentrations at the residence time
and temperature of 7 days and 80°C, respectively.
§ 5l tH(Table 3). 60°Ce] L=z E 79
be] Wgo s Betal AA AR yhgo] &
YE = FEFE Bk 0.1 M
NaOH FrzddA HEH NaPe A9 &3
& Zto} B jloy, 1.0 ME AA 2.0 M
o277} L Aol WA o] o)zt
NaOH 2.0~3.0 M| 27 ojA £53] Qx| gt
& 529 NaP o] o] Fojth. 1 o)y
o NaOH BRI F2 o] =280l
E(HS: hydroxysodalite)7} HAsE Aoz 1}
By,

80°Ce] z71ellA Aol &7 gle] NaOH 1.0~
3.0 M| He]olA NaP Al-geto]EVp 5=
ALz il 2 o]e] FRAE 60°CY
A9} AR So| BN 2Tt 5} 4
d = ATKFig. 3). 60°Ce] Z-g-off WA Hnt3
o8 A&l Y WAl @48 FE
A%e Btk FAE NaPe Pl §80=2 7.09
A(101), 5.01A(00, 002), 410A(112, 211),
3.18A(301, 310), 2.68 A(312, 321) 53 &2
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Fig. 4. SEM microphotographs showing characteristic morphology and habit of synthesized zgolites from

siliceous mudstones at 80°C and 2.0 M NaOH solution at the residence time of 7 days.

A. Globular NaP crystal aggregates perched on the platy mica in SM-1.

B. NaP crystal aggregates associating with unaltered quartz in SM-2.

C. Rosette-shaped NaP aggregates (left) and pseudocubic habit of NaP (right) in SM-3.

D. Intertwinned crystal aggregates of hydroxysodalite (left) and platy and stubby crystal aggregates of
NaP (right) in SM-4.

Table 3. Yields of zeolite synthesis from siliceous mudstone (SM-3) at the reaction time of 7 days in the
closed system.

Temperature NaOH concentration
O 0.05 M 0.1 M 0.5 M 1.0 M 2.0 M 40 M
60 - - P(*) P(*) P(**) P, H(Y)
80 - - P(*) P(**) PC*), H(*) P(*), H(**)
100 - P(*) PC  PCH) A() PR, AC(), H(*) CHC)

P: NaP, H: hydroxysodalite, A: analcime
- little or absent, *: less than 20 wit%, **: more than 20 wt%

X-AFAHNS0] ER Aotk NaOH &9 3.0~ & A8 F7d #Agle] &4 443A
4.0 M Ao]o) A o] F o] A= NaP — HS #Fol3  epbdth ;‘g],o]ci/\ AgElo]E= 630A(110, 101),
A vl FA JYHM ojsh L2 FF 3.65A211, 121, 112), 2-82A(310, 301, 130),
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oM E QA AHFigs. 5, 6). 120°ColA o] T
AREEE ofd 4] Ao By S EdE A
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Fig. 5. X-ray diffraction patterns representing zeolitic
alterations of the siliceous mudstone (SM-3) vs. the
treated NaOH concentrations at the residence time
and temperature of 7 days and 100°C, respectively.
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Fig. 6. SEM microphotographs showing characteristic morphology and habit of synthesized zeolites from
siliceous mudstones (SM-3) at NaOH and NaOH+NaCl solutions at the residence time and temperature of

7 days and 100°C, respectively.

A. Coarse-grained NaP aggregates at 2.0 M NaOH solution.

B. Hydroxysodalite perched on NaP at 4.0 M NaOH solution.

- C. Equidimensional globular hydroxysodalites at 5.0 M NaOH+NaCl solution.

D. Well-formed analcime crystals associating stubby crystals of NaP at 2.0 M NaOH+NaCl solution.

AR SAHCE weAZ A, FH Ageo]
E RAEQ dMo] gafso] NaP A&}l
E7} AAEE dHde 797 A2 Rgo®
T FEAT AAHg 2EEo|ETL RaF o
NaP7} Hul2 F4=HA 309 o) wk& 7|3t
o] Bed Aoz ehdtiFig 7). 218 5
=3 g B0t weox BEetn HE 8§35
=2 gkokth 2HEo|ES 499 SE Tl
348l 3 NaPo] 49 58S ¥o)7) 9siA wt
717 B WA A & A2 ukgE
7} wiZbE 9o, weEbs A9 AdEe]Ee

AANE ¢ BRE Ar whs AZko] 228
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Fig. 7. X-ray diffraction patterns representing zeolitic
alterations of the siliceous mudstone (SM-3) vs. the
residence time at 80°C and 1.0 M NaOH solution.
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treated NaOH-+NaCl concentrations at the residence
time and temperature of 7 days and 100°C, respectively.

rv U
[C
o
4
riN
2
ilh
)
v
L)
o,
QL'
Ho
i
A
—~ 52

3.0 M xAgA 39 o
ol 4l NaP 959 A
455 95 4 UTH(Figs. 6C, D).
] (03~7.0 xm)e] 24 HAF
ok71e] NaPE S#ls}
| Aot} wrgbA o] HF
100°C o]38}e] Zz7o A opdals
&} 4]

poko] 2 4

o

Jm o

oft [
N
W

rE o
fu ok o 2 rlo ok ORI rlr

o

e}
PDE A

4 iAoz ALY o] 2
% A702 48 ot B4

o BFE IANZE + Y

— 180 —



=

,
o
o2
o

=

e 9 v JoE AgAn. 4
olgtell A Ale]l HAA Fgde] d F U=
535 AdeloEg SR E AT, 1Y
1} o]E9] o] +E ol el FHEHA F
FHo] A &g ¥k ojyT} NaOH &< 3}
o A& A Exe A FaHA
7] wjEo, FPugANA ALetolEY F
Q@ ZAZA Al AUl Age] A}

=

A43 NaOH £ stoAe] A3 daES
A ol ot 7‘3 EAFEC] & o] =2
o} Z& Al AR W& A
Zsta ZPEME 4 <] :é:%*ég A
A YRA 0T AlE HIFdhe Yo
e Hgkrh 100°ColA 7%17J Al o]
o4 NaOH &9 ¥5x(0.5~4.
TR AT (NaAlOy) $95 1
@?J%}Oﬂ A olgtel WA APE, v
o AE NaP7} F2 A5 Addos
%8 FE 2094% NaP tjald] spo]=FA14
gEtolEZE PAHE Ao YEkTthFig 9).
NaOH £-9Jo]t} NaOH+NaCl A& =73}
A AAHUE obdAe UeEA FUT ©]
éliﬂﬂw 57187 A2 NaOH & oA
2 EeEA gaE 493 2n *‘@ 9
ﬂaml A3 2oEdde AR B2 v=
Z7(05~1.0 Mol HwF &5 Y=
NaP7} @ FAES o] Eohe Abdolth BT
B Fo) A B 9Fn wWeed]) NaOH £ 0
2 A A0 24 o He A= v
Bk ATnEFryrt FohEY 047%1 oHFJFJ

BEEe] HWHORNY §

E
M
Y
.
k]
N Hu_%m{o
@ i N, Sk

o
Hit rlo =

)

gt A LetolE IAE i’d‘é}ﬂl 2 ﬁoli}
T3k o] HAFAA & Fo JJr%‘% H58i05 ¢}
Al(OH), E°] AARLEA HAd3 R &

;2 2AZANZ A= sﬂ/ﬂﬂu}
0| 2-NaOH-TMAOH BtS 4

AgetolE FAo 7484024 NaOH 9
of TMAOH(tetramethylammonium hydroxide:
N(CH;);OH)Z-& 719715 4304 AHzstd
Bt} FAilicarich)d] A&t BT A
Aoz #EA ¢ tkBarrer, 1982). TMA® o]
2 Na' Boh 84 & Foleolug o] £7]9|
2o] AlgeiolEe] 724 FH(open channel)

i
o
2

I ekolze) F4
H P : NaP
H : hydroxysodalite
H M : mica
Q : quartz
H
H
M 40M
|1
%‘ P
S P P P
2] U U e
- Y \.,J

N
b e
AR

26 CuKa

Fig. 9. X-ray diffraction patterns representing zeolitic
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treated NaOH+NaAlO, concentrations at the residence
time and temperature of 7 days and 100°C, respectively.
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Fig. 11. SEM microphotographs showing characteristic morphology and habit of synthesized zeolites and
smectite from siliceous mudstones (SM-3) at various NaOH+TMAOH solutions at the residence time and

temperature of 7 days and 80°C, respectively.

‘A. NaP and unaltered quartz residues at 5% NaOH+TMAOH solution.

B. Smectite perched on the stubby crystals of (Na',

TMAP at 10% NaOH+TMAOH solution.

C. Intertwinned (Na’, TMA P crystal aggregates associated with partly altered quartz at 10% NaOH+TMAOH solution.
D. Hydroxysodalite perched on the smectite flakes at 15 % NaOH+TMAOH solution. -
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