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ABSTRACT

This study aims at the preparation of the magnetic nanoparticles (MNP)
- clay composite. The optimum conditions for preparations were investigated among
the four methods which were commonly used to synthesize the magnetic nanoparticles,
namely, precipitation of ferrous sulfate/ferric chloride solution (Method A), precipitation
of ferrous/ferric chloride solution (Method B), modified sol-gel process (Method C) and
oxidative alkaline hydrolysis of the atomized iron powder precursor (Method D). The
product MNPs and the MNP-Clay composites were examined for phase structures,
morphologies, particle sizes, stability in different pH and magnetic properties using
XRD, BET,TEM, the initial magnetic susceptibility, magnetic hysteresis, acquisition of
the isothermal remanent magnetization (IRM), AF and thermal demagnetization of IRM
and time dependence behavior of IRM in zero field. The results show that the MNPs
prepared from all methods have an excellent chemical stability in a wide pH ranges and
their crystal structures are observed to be octahedral morphology. The product MNPs
with dger=12 nm exhibit superparamagnetic behavior of magnetite at room temperature
whereas the MNPs with dger=25-70 nm exhibit stable single domain behavior of
magnetite. The MNPs - clay composites prepared with weight ratios of 1:2.5, 1:2, 1:1.5
and 1:1 can be used as adsorbent for Cu, Ni, Pb, Zn and Cd in laboratory and can be
subsequently removed from the medium by simple magnetic process. The results found
that the best ratio of the composite is 1:1.5 (MNP:clay) and the highest adsorption
capacities for Cu and Ni are 9218 and 18062 ug/g respectively (Method A). However,
for the composite produced by Method D, the adsorption capacity for Zn is highest at
10935 ug/g. We conclude that the MNPs function in the composite probably help to
increase the surface area and microporosity of the clay resulting to higher the
adsorption capacities for Cu, Ni and Zn ions a medium-sized ions but for heavy ions for

example Pb and Cd the addition of MNPs reduce their adsorption capacity.
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1.5 daydnuaimdonazie

@13 1.1 syanwaiddauazaitia

way (MEtng) ey (MB1ING M) Sryanwal
Aea
auMAUNIMANTZAUIN L WNaT Magnetic nanoparticles MNPs
wyunitlng Magnetite Fe;O,
wunFlud Maghemite v-Fe 04
\nasing Goethite o-FeOOH
Fung Hematite a-Fe,03
WARN Iron o-Fe
YUNANEN Crystallite size dxrp
IUIADUNTA Particle size dgeT
LIMENMTIB9879 Super Paramagnetic SP
Towwasaiss Stable Single Domain SSD
I@L&J%L?}IU’JL“?IEJM Pseudo Single Domain PSD
AR LAl Multi Domain MD
gnwsu b lamsudingn Magnetic susceptibility k
RATNAURWNIIUALARN Coercivity Hc
wunfilnatuanansdue Retentivity Mr
LLNﬂﬁvLmGIifuéuﬁ’J Saturation Magnetization Ms
fuaudinanandsziia lalomnasia Isothermal Remanent IRM
Magnetization
SruaniianandaTfia IRM 3367 Saturation of IRM SIRM
mm’glummaﬂLﬂ?islu"laaauuaﬂ Cation Exchange Capacity | CEC
qm%gﬁgﬁ Curie temperature Te
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ﬂqﬂﬂim LAIBIND ’Jﬁﬂ']ﬁaﬂl,ﬂsf]zﬁaw.ﬂ']ﬂL%aﬂaaﬂvls‘ﬁ@] ’Jﬁﬂ']ﬁaﬂl,ﬂsf]zﬁ']ﬁ@;l‘iaulxﬂaﬂ-

ﬂi{‘aﬂﬂﬂLL&iLﬁgﬂ%"II% ASANHINN W HSLANEY 24 E]‘Iéﬂ’?ﬂLﬁgﬂaaﬂv[fﬁ@il,az’?ﬁ@ﬁ')llLﬂag-

amgmmm’mﬁﬂmiu mﬁ?ﬁ,ﬁ'aqﬁsJLﬂaﬁ-amgmﬂLL;iLvs§ﬂuﬂuﬂizﬂqﬂ@‘1°ﬁﬂu5’a%@%ﬂ

lawewtin Cu, Ni, Pb, Zn uaz Cd Lmzmﬂmﬂi‘a@m@fﬁuaaﬂ%’mﬁagﬂg}@%ﬂu

Wwayluanns

2.1 @Al

1.

10.

wasSnaaa lsatanaslaiase (fron (lll) chloride hexahydrate: FeCl;:6H,0)
mmu’%qw'ﬁf 99% 8o Ridel-deHaén

wasarainaadazlaiasa (Iron (1) sulfate heptahydrate : FeSO,-7H,0)
mmu‘%qw§ 99.5% f%o Scharlau

wasianaalsaiaaszlawasa (Iron (1) chloride tatrahydrate : FeCl,+4H,0)
ANuLIgNT 99% fi¥a BDH PROLABO

wassnlwasaluuzlaiasa @ron () nitrate nonahydrate : Fe(NO3)s+9H,0)
mmu‘%qw% 98.5% fwa QR&C' "

laniaulnanan (Ethylene glycol : CoHGO,) mmu’%qw'if 95% H%o UNILAB
lmidsalaasanlad (Sodium hydroxide : NaOH) mwu%qw'§ 97% %
Lab-Scan

Twunaidonluiasa (Potassium nitrate : KNOj) mmu‘%qw?; 99.5% o
UNIVAR Ajax Finechem

lalasasadin (Hydrochloric acid : HCI) ANuL3gNT 37% D4a JHD
LARLTUNANTLBLUG (Calcium carbonate : CaCO,) m’mu’%q“n%‘f 95% ‘E'ivi”a
[ a3 BuLAoSIUTUILLE

lm@uudana (Sodium silicate : Na,SiO,) mmu’%qw’ﬁ( 95% BWe Lmosie

AL ADSLUTULUA



11.

12.
13.

§138281881A331% Cu, Ni, Pb, Zn uag Cd mwu’%q*n'§ 99.5% ANMNLTNT
1000 mg/l §%a Merck

wadiuninlud sfialo@ouuninlug

NILAAN AHC 100.29 (Fe 99.97% C 0.01% Mn 0.008% L8z S 0.006%)

2.2 ginsntuaziaiasiio

1.

© ©® N o o ~ 0D

_
N =~ O

13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

t‘fwné’i‘u (Distilled water)
7a3u-daguninl (Stand clamp)
N32@1¥NTBY Whatman Luas 42

A3z ¥NTBdlauA? Whatman GF-F
AINUAIIYINEnDazalimn

TaNI8Y (Suction pump)

waslufliaas (Thermometer)

e (Pipette) 2419 2 5 10 waz 25 ml

N3 ﬂnsaaymuﬁ (Buchner funnel)

. 118N384 (Gooch crucible)
v oo X
. LU’]Q@“U%E‘IJLLUUT]&&J

e o m A \ o o < P &
.qﬂﬂimm’nﬂuaw) LW DAUANRIT NITOIWDTIRIT UNLNET NITUINAIIN

22970033103 2auigiauy uwisumean udu

LASEITINARLN 3 Uaz 4 FIUnIS 3% PL303 w8z 3% AB204S audey BWa
Mettler

1l (Hot plate) 34 SLK2 §%a Schott Glas

LP3BINIUNANENT 3% RW20 digital ¥ IKA

\#38310E1 Flask shaker 34 3527 H%e Lab-Line

§9An1WTH (Desiccator) $4 OD-10 H%a Shin-ei

ﬁaumwu%’au (Drying oven) 3 200 fi¥o Memmert

isastannudunsadns (oH-Meter) I 713 fi%a Metrohm
ai’mfwmuquqmwgﬁ I TW20 fiwa Julabo

LLNgwgiigs 3w UAF 16/10/24/16/CG B4 Lenton

Lsasdalasan 1 HP-30 fiva TMC

m%aﬁmezﬁﬁuﬁﬁmammmgwgu laglfinafinuas Brunauer-Emmett—
Teller; BET jlu SA3100 ﬁﬁa Coulter



24,

25.

26.

27.

28.

20.

30.

31.

32.

33.

10

L3aatandLsanunsnTu (Powder X-Ray Diffractometer; XRD) 1 D/Max-
RA D%a Rigaku ﬂizmﬂrjﬂu

ﬂﬁaaﬁ;am‘mﬁ&ﬁﬂ@]sammudaamu (Transmission Electron Microscopy;
TEM) 31 JEM 2010 fiwa JEOL
Lﬂf}aawmamL%ﬁmﬁﬁﬁmu-aLﬂﬂImaTﬂﬂLLUULU@'GLL@G (Inductively
Coupled Plasma-Optical Emission Spectroscopy; ICP-OES) §u Optima 4300
DV ﬁﬁa PERKIN ELMER

wsasiaanwsulildmanimanafiaawiudn Kappabridge U KLY-3 fvo
AGICO U3ttnesnsIImaIgLan

°1361mﬁﬂ’sméflmawmﬁﬂmﬂﬁw IRM Usznaudasiaios Electromagnet 34
79641-002 fi%a CENCO Power supply 31 7955138 CENCO uaz Digital
Multimeter 314 DM-870A

3assauuniInisiuand 9wy Spinner  magnetometer 3 JR-6 fvo
AGICO U3zinasns1IIzian
isasauansdaninanandslaglfawuudiningsy 0 — 100 mT U AC
Shielded demagnetizer ﬁﬁa Molspin USTINARHIN TN UIANT
Ln3asaussdimandimanandislasldanudan % MMTD-18 five
Magnetic Measurements UrzinasnnTaImwang

wsaadne linszusase (DC power supply) 34 GPR-1810HD fiwa GW
instek Uszine lanin

Lﬂ%ad Vibrating Sample Magnetometer (VSM) §u 7400 ﬁﬁa Lakeshore
UssinasnIzaldsnm
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2.3 35n15NAaaY

2.3.1

miéﬁLmﬂzﬁamgmﬂmﬁﬂaaﬂ%ﬁ

ac A A o [ & = & ad A _aa
ﬂ’]uﬂﬁ]U%Lﬂaﬂlﬁﬂ’]iﬁﬂLﬂi’]z%a%ﬂqﬂL‘V\ﬂﬂﬂaﬂvl,sﬁ@ 1N 4 3D AID A LR

3% B l135n13anaznausan (Co-precipitation method) aada13azansinassa nu tWassn

laaaulusnsazanads lagldaasginluaiwassalanan datwWassnlasauwvinnu 1 : 2

37 A ua:A7 B dTauandvasainassalasaunlt lagds A Itinastaraaratas laiasa

wazdt B MtiWasianaa lidiaaszlaiasa 33 C 1935 lwa-laadautad (Sol-gel  method)

I@muhmqmugmm 300, 400 uar 500°C myldussenni@aisnen uaz 35D T

a ~ =) ﬁr
nizmiunseandiafinueaat ladlalavladavasnananuigns (Oxidative  alkaline

hydrolysis of the iron powder) uazutlidnamnnlvasasazagvmeyinydisananaznamn

2.3.1.1 mséfaLmﬂzﬁamgn’mmﬁﬂaaﬂvléﬁﬁ@U"E%‘@mmﬂauiw AT A

1.

azanaasTatainaiatazlamse 3.9 n3u (14 Tadlua) wazinassnasalse
wanoelawasa 7.6 N3N (28 Aadlua) lwiinaw 400 Tafaas Jadranudn
N30-A19 VAIFINZAY

a a & v @ & ) a
laFsur1Tazanslaaonlaatanladauitudn 5 lua1s laasslalaaw
laavanlae 20 Ny USudSunassnsazasiln 100 AafaaT eUUINa®
Twaausanunasazaylnda 1 I@yﬁw"lm’]ﬂua"mﬁwmuqwqm%gﬁ A%
miazmﬂﬁqm%{]ﬁ 70°C

a 6 % U 6 a A aa

noassazanslaauylaasanlodainududu 5 lua1s USu1as 100 Iafaas
adtwrTazaeluda 3 d289aIINIINEA 3 VaRAATHaUT ALEITASANLALN

>

FULFNDABLATAINIBNINENT (450 JoUGaUIN) 101 NUTUNTA-A19 V83
fIRZANE
ﬁdaﬁiazmyﬁﬂ’iﬁqmﬂgﬁﬁaa 30 W Lﬁalﬁlﬁ@mﬂauammwyifﬁ
N30IALNAUAILNITZAIENTAY Whatman 1183 42 LRZANATNAUAILUINEY
Wae g A3 LiNaMaa laaawd lidadinnsaanannaznan

A P <o o & ¥ v @
aUAznanfigmnil 80°C 1A 3 N9 TwNNINRINENIINaIaL

v = Al (=3 £ ‘ﬂq’
UARIIIAAZLAEE m‘sqmﬂummuzﬂ@ mu‘lug}@@mmmu

& [ & = aa . ad
mu@]auﬂﬁﬁ\‘lmﬁzﬂm‘{;ﬂ’mmaﬂaaﬂvl,‘]j@ﬂ@mﬁ@m@lzﬂaui’m 17 A ﬁ?ﬂ

1@aIRNMIAWA LaznIWlIznay 2.1

FeSO4 + 2FeC|3 + 8NaOH —> Fe304 + 6NaC| + NaZSO4 + 4H20



azane FeS0,4 7H,0 (14 mmol) tae FeCls;-6H,0 (28 mmol)
Twinau 400 mi

A

A

a a
gneauly Fuaidy

A

#ea 5M NaOH 138163 100 ml

4'--_ a
(3 ml/min) QIZRAEY 70°C

4

AaARBLGAM pH 13

Aan91Y 30 W1 A9azNan

N3Nzt

A

y

aznanden (\Hon)

A

auaznauNamnni 80°C
«--- . 3 QU
1981 3 T2 13
y

A o v
AZNAUFG (LHAY)

€--- UAUNIAILATAUATT

A

A

=}
NIRSED

A o
UARAN

miﬁgmﬂum“ﬁuzﬂ@ Lﬁuvlﬂug?@@mm%u (desiccator)

& o [
AWUIENOY 2.1 TUADWNNIFILATIED

‘ygmﬂmﬁﬂaaﬂvlﬂj@ﬂ@ﬂ%%@ﬂmﬂauiw 35 A
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3.1.2 nmIsaanzdeunamineanlodlasitanaznauion 35 B
o o A o aA LI & &
ANINARDIIUANEMILGDINU 93 A udlfinasiraaa lIataas:s laiaye

unwaSiatanaiaUazlaiase lasldinessanaalsaianszlainsa 2 nsn (0.01 lua)

wazinasinaae lsaianalaiasa 5.4 n5u (0.02 lua) LHuan309dn aza1oasasanluin

nanlazlUsulSuasanTazaneniln 300 3a88aT anaznanlussazarulaasy laasan

lraanuitudw 2.5 luans Usu1as 50 Iafaes

& o & = aa ! ad
mu@auﬂqjﬁﬂtﬂsqzﬁﬂu‘aﬂqﬂLﬁaﬂaaﬂqsﬁ@‘ﬂ@ﬂ')ﬁ@ﬂ@$ﬂauﬁjw 17 B a?ﬂ

1@ aIRuNIITWEN

2

1.

a;ﬂ"L@Téﬁ

FeCl, + 2FeCl, + 8NaOH — Fe;0, + 8NaCl + 4H,0

3.1.3 mséfaLmﬂzﬁau‘m’mmﬁﬂaaﬂvlfmi@U%%Ism-r«naé'mmad 35 C

azanaasinluiasaluuslainsa 80 n3u (0.2 lwa) lwadaulnanaa 100

Jadaa

o)

v 1 a

Twarusanunarsazarsluda 1 la ﬂﬁ’]vlﬂ’lﬁoluéﬂdﬁﬂﬂ’JUﬂqu%ﬂ3J

u

gasnNE 40°C 1IN 2 109 NIBNININENTAzA UL wLaLAIN

Lﬁwqmugﬁmaamia:mm 80°C 1781 2 T2 lad

=)

auuksNgmanni 120°C 1A 4 Talu
° A \ A o
W&1IN b L LN IﬂﬂLLﬂiﬂﬂqm%Q&J 300, 400 waz 500°C maldussenie
a1sNan
v a A =3 U ‘ﬂq’
UARIIIARZLEA miﬁ;mﬂum"nuzﬂ@ mﬂu@@@mmmu

g; a 6 =3 ad s ad
mu@laumimLﬂswmmgmﬂmaﬂaaﬂ%ﬂ@ U?ﬁI‘ﬁﬂ-L"ﬂﬂ@l@LL'ﬂﬂ\‘i 1% C

RUNIAWE Wz wdsznay 2.2

40°C 80°C 120°C Annealed under Ar

Fe(NO;); + C,H;O,—» Sol —» Gel —» Xerogel— Fe;0,
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BRI Fe(NO3)3'9H20 3 0.2 mol 1% C2H602100

\4

Fe(NO3); RLa8LNI&IN

TwanuTanlasinlyrneluaaiin
€--- MUANAANL aannd 40°C
1281 2 T lu9

\ 4

& d‘y a o
gIazauLdulitat@aans (sol)

“--- gmwuni 80°C 11 2 EIETR

\4

A a
ATNaUFLAIDT (gel)

a

AUWRINaWRAY 120°C
4____ 9 U

1281 4 T 1u9

v

a a v
AZNOUNILAIDY (Lb9A9)

LLﬂﬁﬁWﬂqm%QﬁLNW 300, 400 ez 500°C
4. [

an Ulﬁu‘ﬁﬂﬂﬂ’]ﬂﬂ’]gﬂ b

\4

AZNOUFG muqm%{]mm

<--- yalduriaunInNuass

mifgmﬂum"nmﬂ@ Lﬁuvli’lug'f@@mm%u

Mwisenay 2.2 ﬂ'umaumsémmﬂ:ﬁmgmﬂmﬁnaan%@ﬂ@ ﬂ%%lsna-maﬁmmm 5 C
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6 =3 a =} 6
AUAALARNABN MA LA L NTEUIRNNTaaNTLANWILaaA LRl
&

2.3.1.4 NIRILATIERA b
lalavladauasnananuSans 33 D

q

1) M3Le38x Ferrous precursor (Fe~ ) aNKILAAN AHC 100.29
1. BZANURILARN AHC 100.29 (<75 pm) 20 N34 lunialalasaaaSnidaudu 100

2. l#wannd 70-80°C  nmiunausslaslturisuiian aussuAIainidwnag
¥ 24
PUABUNNILATBN Ferrous precursor (Fe™ ) MHIAAN AHC 100.29 &31)
laasaunITewand ez wlsznay 2.3

Fe + 2HCI —» FeCl, + H,

AHC 100.29 20 g

<«--- 163 HCI 1 0uT% 37 % USu1e5 100

Y

A o A
FIINSRIURON-LVET

<--- ligaunnd 70-80°C

\4

a A A
NIRLYHI-LAR D

& 2
Mwdiznay 2.3 TuaawNIILaILY Fe : INKILAAN AHC 100.29
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% & = o 2+ A A &
2) ﬂ']iﬁ\‘)lsﬂi']zv\a%ﬂ']ﬂL‘V\aﬂaaﬂvlﬂj@i@ﬁl"ﬁ Fe nNiaTguINNNILANN

AHC 100.29 1fluanseae

8.
9.

a=an8 Ferrous precursor 10 N5¥ luiinnau 300 VaFaAT
a a & v @ & < a
ssNgIazanslafedlaasanlad  @uuTw 5 luans lagwslaaaw
laasanlad 20 N3y USudSunassnsazaailn 100 FafaaT dutINa®
1 a - v I d%/ = Qs
lalwunaudonluiasa 3 n3u luansazanuda 2 auazanuiduitalfaan
Twarusanunasazayluda 1 IﬂUﬁ'}"lﬂmﬂua"mﬁwnuquqm%gﬁ A%
msazmaﬁqmwgﬁwﬁﬁu 25°C
dl s v U U v Q
WUARIIAZAENLATHNLAINTD 3 ILRITALAIUTD 4 A18DAINNITRYA 3
a8aaT6auw? anadIRINIENaALLATAINIUNTNRTT (450 TaLABUWNT) 10
AN UNIA-A19 VAIRITAZANEY
: qzai Aa v a di v A 1 6
mammzmﬂmvbwqmﬂgwaa 30 W L‘Wﬂi‘ViLﬂ@@]zﬂ@u@ﬂ’Nﬁ&JHim
N30INLNAUAILNIZTAIENTAI Whatman L1873 42 LA 1I0LNaweILYNNAY
Wwane 5 A3 Liamda laaaui lidainisaananaznan
am:ﬂauﬁqmwgﬁ 80°C 1787 3 TN UuANIRINEIInaIaL

UARITIRZLE migmﬂummuz% Lﬁuluﬁg}@mw%u

10. inMInaaaaniowda 1-9 I@]ULLﬂiﬁ’lqm%{]ﬁ@]ﬂ@zﬂau 50, 70 ez 90°C

& o & = o 2+ A A =
mu@auﬂqiﬁﬂlaﬂiqzﬂa%ﬂqﬂLﬂﬂﬂﬂaﬂvlasﬁ@ﬁ@ﬂlﬂj Fe 7NLa3guUINNILHAN

AHC 100.29 LT %a15796 % agﬂ"lﬁﬁaaumiﬁmam waznnUsEnay 2.4

Fe” +20H —— Fe(OH), ()
3Fe(OH), + 120, ——» Fe(OH), + 2FeOOH + H,0 (I}
Fe(OH), + 2FeOOH ——» Fe,0, + 2H,0 (11
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82818 Ferrous precursor 10 g Tusihnaw 300 ml

\4

FIRZAUFARDI-FN pH 2.2

#ea 5M NaOH Wad KNO; Ui
100 ml (3 mi/min) gmanadl 70°C

A\ 4

AaaRuaam pH 13

199917 30 W agaznan

nIdaNaznak
v

aznaugean (\Hen)

aumzﬂauﬁqmugﬁ 80°C

1987 3 T2 L9

A o v
AZNAUFGT (LHAY)

<--- UaLduNIaIBaAINUARTT

= a o
NIRZLBHARAN

l

mﬁ?ﬁ;mﬂummu:ﬂ@ Lﬁuvlﬂuﬁgmmm%u

& [ = @ 2+ A
mMwisznay 2.4 Tuaaunsdanzieunmamineantodlasld Feo fiaiow
NNKIAAN AHC 100.29 LTuaIasdun (nsdiganniianaznau 70°C)
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=1 a =3 6
232 miﬂﬂmaﬂﬂmuawmaamgmﬂmaﬂaaﬂvlsm
msﬁﬂmﬁfﬂumzLawwmaamgmﬂm&ﬂaaﬂ%ﬁ LEWAN N ENT AN

mnmwmuﬂﬁuauﬂ'&mmﬁﬂ
2.3.2.1 FNUANIIANUAN

2.3.2.1.1 § URSRDIUSVDIENT
§ URZEOUZVRIRNT ﬁﬂuﬂ@:fl‘*ﬁmm’nmzn’ﬁé'uﬁa

2.3.2.1.2 miansAlawainanlaglfnaianmaaeiiunsidiand
a U =S U a n‘r o A 6
AMTaTsAlaTIaINanlaslTinadan1siasluusIFans (X-Ray

Diffractometer; XRD) @nwnlaslfiasadandisdanunsngu uazldidnaiuad (Cu, Kyq)
L WURRITUAATIRLANT ANNLIIAIUVAITIRLONTNLTLHNNY 0.154059 WlLUAT AW
dangreninsaunalnanaziiinasuadlun It ia s Fangyinny 50 kV nszua W
Winnu 300 Jafuanuls I@Uﬁﬁmﬁmgw 20 1419 15 09 80 agan ANNazLALAlNITIA
o A 6 [-%3 Qs 1 A 1 Q a v g U dl 4:{I g: |dl
FiFendveinnywiagdiatiehe 0 iy 0.02 a4 I@ﬂlummawlmmammagﬂ
guﬁma‘[ulaﬁ‘[amua:ﬁ'&qLm'am?l FUNIBNAWIAINIFFASTLAzINA LWL B LRI T A

wnialnus (nMwinay 2.5)

MWUsenay 2.5 1e3adandLsaanunsnT
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@
el da v

2.3.2.1.3 myenzRiunuazawagwwiomnaiia BET
a Edly Aa % a = % A
MIienzRiunfuazsmazniudisinaiia BET  dnwlasldinias
a 6 dy Aa A a a €4:ll U 2 1
Aenzimiuifuszgniu Salinnlmesnliiiensdleud
- BET (Jumsiianzitmiivuniin (Surface area)
- BJH Adsorb (%M yIamumaIwinlluunszany (Pore size distribution)
- T-Plot 1funsuszananSanasgwsnawiaian (Micropore volume) Uaziuil
maaEWEummmﬁﬂ (Micropore area)
ad a 6 v A nﬁ | 1 d‘y
AFmsIezRerlditnng Outgas  Tadunislaanusueanannans

a

drateNigmnnil 120°C Jan13gadu (Adsorption) ufiglulasiauuuiinvesssnaglu

u
amu:maaLtﬁaﬁﬁﬁ'ﬂummﬂﬂmaqaﬂmU‘*ﬁ'umﬂlﬁqmmgﬁLLa:mmé’mmmgm (STP)

(2

a v A v A A & | A a a a a 6
I@ﬂludﬁu’)%ﬂul“ﬁl,ﬂiad‘ﬂ@dE’]g‘ﬂﬂﬁﬂ’lﬂjq’lﬂ’]ﬂiiuLﬂ&l ATUSIAINITUAIRAT

UANINEIRDFIVRIBAIUNT JIRIAFIVA (MWL TENaY 2.6)

¥

A a e Ada
AMWUIENaY 2.6 LAIDIILATE W%YlN’JLLﬂz‘U%’]@EWE%

a v U £ fa & 1 1
2.32.1.4 myenzilavsindondanansiaidiinasauuuudadrin
n3itaTzilaseaiadiundedgansiaddiinaseuuuugaInI
(Transmission Electron Microscopy; TEM) ﬁﬂmlmUlfﬂé'adﬁ;aﬂﬁﬁﬁaLﬁﬂ@liammudao
1 é a g dl' [ . . [ @ 6 1 A&
HN SeRanuLenTallialauuy Lattice image M3zay 0.14 w1 luluas AnSLsIdLanasan
gafigalrinny 200 kv aanIniBpsdnanld 30 aden naluuwIunm x UAZUNU Y B
YaIR1BANATaRUTULU AW I 11429 1.5 D9 35 W luluas T@Ulmmﬁﬁyﬁlﬁﬂ%aaﬁéﬁag
A ¢ A A A & = a o = a o @ =
neudiaasiiaInmaaniuazinalulad wniineavmalulabigsun’ Samiauanodun

(nwusznau 2.7)
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nwdsznay 2.7 ﬂﬁﬂd'ﬂﬂ“fliiﬂﬁaLﬁﬂ@]iauLLﬂUﬁad NI

2.3.2.2 FUUGLNLAAN
2.3.2.2.1 ﬂﬁ@@ammmﬁﬂ

a ' & & ) =3 &l v
ﬂ’]i(ﬂ@l@l(ﬂLL&IL%&ﬂﬂﬂH’WI(ﬂUﬂWE%W@Hﬂ’]ﬂL‘Vmﬂaaﬂvt‘ﬁﬂﬂﬁdLﬂiﬁzﬁﬂﬂ

ﬂ@]ﬁﬂﬂﬂ’)’]&lﬁ’]&l’ﬁﬂl%ﬂ’li(ﬂ@a@LL&iL‘ﬁgﬂ

2.3.2.2.2 enanmwsu i lansuaimndnasdu (61 k)
' [ o ' & & o ' = v A [ o o
e nsullansusimanasdu (@1 k) dnslasltiaIasiaaninsul
[y ' & a o . ~ o -8 o

ldmausiiwdnafiaauiasn Kappabridge Gssianuliluszau 107 SI anwgneas +3%

WansanulaTasaauniteas Uszuranalasldllsunsy SUSAM I@m%uﬁaamamsﬂu

A A o o [ ac A9 o A P

Holder Tafuwawafinugunialdmivia (nwdszney 2.18) laslunuidvillfiaiasn

é’aa%iﬁmﬂ%’lﬂﬁnﬁ AMEANUIAIRAT VR IINYIRYRIVAIWATUNT FIRIAFIVAN
(nwusznay 2.8)

mwisznay 2.8 wsadiaanwsu b ldnmansimanafiasuadn Kappabridge



21

2.3.2.2.3 NINAFAULENITNIWNIZAU pH 619
a A ') ' =< = a
MINARAULFDITATWATEAU pH 6199 AN lagmsiasauasazanaf pH
3,5 7 Waz 9 LLa:L@&lamgmﬂmﬁﬂaaﬂvlsﬁﬁﬁé'aLﬂi’]:%“l,@“lul,wiaﬁ% Wwuadluartazansn

@38 UUANA k 2848 T8sa18NIRI6E 9

23224 mManilgnihswantminandssia IRM

mandighsiwmanimanandsialelmnasia (IRM) @nwlasld
Lﬂéad Electromagnet T2UNY Power supply W8z Digital Multimeter (nMMWusznay 2.9) lag
T uee9ssznIsiman i vesLaas Electromagnet wigahldifasiung
wianandalusumatng lagsnoanssualniuuuwag (Ua-Uaogn957) Muwadn
FWINLAEN 0 59300 mT  mswlasuanszualwiiiunsifoueranuussves
gwnudinsniineliiiauunitlnsdudan g lwiagdede Taduunitiniaduands
lagldiadastauunilnisiuandsuuy Spinner  magnetometer  @98iawlaszau
2.4X10° A/m mmﬁlumsmu 89.2 Hz $929lun157@ 0.1 §19 1000 mA/m Aneuanil
Afawimanrneelanznay mu-metal 3 T IHoudanUiAissnaRIAes Uszunana
Tawldlusunsy JR-6  (nndsznay 2.10) duinduunitinoduiidinszualniieng g
wazilewduns W IRM Magnetization Curve I@aiuaﬁuﬁﬁ'ﬂﬁlﬁﬂ%aﬁéiv'aagj'ﬁmﬂﬁm

ARN AANLIAIRAT WRIINDIFURIVRITUAIUNT JIRIARIVAN

Amwisenau 2.9 °12@Lﬂﬁﬂ’)ﬁ’]é’]%’]"ﬂLL&iLﬂgﬂ@mﬁﬁdﬁﬁ@ IRM
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mMwsznay 2.10 L3addauunit insruandiaiuy Spinner magnetometer

2.3.2.2.5 NMIAUANAWIALNIARANANA19THa IRM lagldzuiunainanaay
ANTAUFIEIWIILNRANANA19THA IRM 1l o8uduiimangay Anen

v dl v o 1 =3 U a 1 =3 L = o :
Tl Ta309aUR1IE 1 IALNRANANA N TRAATWINLNLARNKEL 0 D9 100 mT lasiinTu
dadanumMaritehauiegaduda (Saturation IRM; SIRM) Jasuund lniaru
ANANBNGD  (Mr) NBWEINIALIIEN W UULRANANAS I@ﬂﬁﬂﬁ%ué"samawmau
@109 3 e NaldaNTNATAIRWINLNLRANRAL UTUAIAIRUINLNLRANFA LT
LATAIALAIIENIWILNLARNANANITRARUINLALRANRAY AL 5 D19 50 mT 196
WUNA NI TUANAI881AT 89T AUNN R LN TUANAIILLL Spinner  magnetometer 91
1 =3 1 ] a o c‘lb % dl' t:l' 3; |dl a aa 6 a 6
RWIULULRANAG ) I@ﬂlummﬁ]ﬂuslmﬂiawmagwmmmﬂana AUSINYNFANRAT

UANINPADFIVAUAIUNS JIWIAasa (MwIznay 2.11)

awdszneay 2.11 e3adauadIwaniinanana1sia IRM I@ﬂl“ﬁaumuajmﬁﬂaé’u
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2.3.2.2.6 MIaumdE wLtnananadTia IRM lagldanusan

ATaUANIENwILNRANANA19Tia IRM lasldainuseu dnwlasls
Ln3asanassmaninananariialianuton Senmenenisniudmaninaaslans
WU mu-metal 4 T ﬁmu@qm%gﬁ"lﬁgaq@ 800°C é’muﬁluqmﬁgﬁ 0 ©19 150°C /min
IWauuuaiwdnaafi 0 59 300 uT  (Mwdsznay 2.12) uwazldiadesineIWinszuaase
(Mwisznay 2.13) Lﬂuéffmmqumsd'}Um:LLaVI,WWW TagBuannmitearingudiagnelw
WS wIALNLAANANAITHA IRM auﬁaqaﬁuéﬁ MUFMNLNAENIMIA 1T waziin ey
A9EIUNALAANANAITAA IRM GI8NAI9NUANNTEU (Thermal demagnetization) lag
gmunadl 520, 540, 560, 580, 600, 620, 640, 660, 680, 700 Uaz 720°C MNFINL
Usaslimbudlunsnmldauiauingn (zero  field) tufindrdmiaudindnandef

A A a & o A = A a
IWRDBLTILANZD DU IINVIIAA K N1l aswdastbasnnsidaswinguadsns

P a Ac A9 o o s & L A a ara [ a 6
ﬂqm%{}ug\‘l I@]EJI%G']%')?]U%I“ﬁLﬂ?ﬂ\‘]‘l’l@lﬂE’J%JV]J’]’]@]'J“ﬁ'TWﬁﬂﬁ ATUSINYIFAIRAT

VANINUIFRIVITUATUNS TIRIARIVA

mMwisznau 2.13 1eva93ne WA N LEa T
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2.3.2.2.7 RNUATRNOITRLTILAULARN
wa A Aa A ' & K o A . i
FNUATanoITaTInsnandns lasliaTas Vibrating Sample
Magnetometer (VSM) ﬁmu@ﬂ"}aumu,&imﬁﬂmﬂuammm‘séha:mgaq@ +10 kG
annivias I@mm%iﬂﬁlﬁm%mﬁé’aag]'ﬁmﬂ'immﬁ AmEANYIAIRAS

NANINLRV MUY JVRIAVaWULAL (NMWUTZNaY 2.14)

awdsznay 2.14 Lﬂ'%lad Vibrating Sample Magnetometer (VSM)

2.3.2.2.8 WHAnIIUMIEANLAIVIE MALALAENANAITRA IRM  TwuiSiam
Savuusiingn
WO AnTINMTEANLAITBISIMIALILAANAnA9Tia IRM  TuuSials
swwinan anslasniiasulringsazianns 4 3% wisnihlwifadwa
witnananA1Tha IRM 'ﬂuﬁqﬁ;@éwéh AowihlUassrwnawsimanandadieiaiasia
wunA NI TUANAILLY Spinner  magnetometer Wi UaaslAE 1ML AEINANAN

aansad luusa lSrmautinan imsiaswaudimanandenaans luitandie g

2.3.3 misuanzAiaghuaad-agpmaunininly
msé’amswxﬁi’a@p'awmaﬁ-m&mmmm§nuﬂu ﬁﬂwﬂmuﬁﬁmgmﬂmﬁﬂ
san e ATILATIZRANTS 4 55 vndaLdwiagiw 1a8¥inMIINARIaNBULLAINUMNT
faanzieunmaminaanlod wiifiaaad (Suln'lud) wn'ldswlunafed §izen 14
dansulasinavasaaddoaymamninaaniad 1:1, 1.5:1, 2:1 uaz 2.5:1 Tufiniinmsin

) : & D = A a %
’Jﬁ@;i’n\lmaﬂ-a%n’lmm L“aﬂu’]IuﬂW]iUlle(ﬂ
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2.3.4 miﬁﬂmé'ﬂwmuawwwaai’a@ﬁmLﬂaﬁ-mgmmujmﬁﬂuﬂu

2341 ® LASRDIUSVDIANT
T USRI UEVaIRNT AnElaslTrIsauaznIFUNE

2342 myengilansisnanlaglfnafianiaaeuwiadiand
a U =S L% a dw o A 6 &
maarzilassainanlaslminafaninteunsiziand anwlagns

NATDLUAN LG mﬁumﬁmmzﬂmda{n NANVBY mgmﬂmﬁﬂaaﬂ%ﬁ

23423 mﬁLmﬁ:ﬁmﬂ’%mmmmajmﬁﬂ’lu‘fa@ﬁm
a 6 a ' = %% ' =S [ ' [ (%
ﬂ'mmewmﬁsmmm‘nmmaﬂslma@p'm anulagiadraniniu il e
' = A [ ' o = ~ o o o AN o v
MauAaN w3 k 289789 wsFoufisunuadsuiisuanasgui ldannsia
=1 a Qg { v =) Qs
@k °ua<1Em‘LLsJmaﬂmqwﬁﬁL@%UN@JM%‘L@MW
2.3.4.4 NMTATTHRARNRIT NN LLa:@hquLm@"l,aaauﬁuamﬂﬁﬂuvl@i” @e

mﬂﬁﬂmi@@ﬁf{muﬁﬁuug

(2 ]
A

a 6 Aaa o 1 A A v R
mMylanziiuiindiiwe uazdienuuaalosauiuanifould @nw
loglfinafiansgaduiuiduug (Methylene blue adsorption technique) laaldaun1sn

lawolag Hang and Brindley (1970) a9uaasluaaunisfi 1

S=MxAx6.02x107* (1)
Lﬁa
S fo AwRAIS WAL (Specific surface area) #1218 m2/g
fa Methylene Blue Index (MBI) %138 meq/100g
A fa Awwifves Methylene blue cation Sadenvinny 129.2 square angstroms
v
Specific surface area S(m2 / g)= M (meq/lOOg)x 7.826 (2)

lunmsnasasldiaad uulnlud) sumamndnean’ladsannd uaziag
uaad-aumawiwanulu Y3um 0.500 i Twihnaul5unas 50 Haddas lawasa
losldinfiduug anududu 0.01 N A%382 0.5 1a5AAT aui43@ optimum  flocculation
(End point) é‘aLﬂm:LﬁumﬁﬁuUQﬁthQﬂgwﬁuLLwiﬂi:ﬁnmﬂma ArFeu@en enin

Halo u&@9317193@ End point tiufindanasifiduugils
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235 miﬁﬁ'a@ﬁ'mLﬂaﬁ-amgmﬂLL&im§nuﬂuﬂs:ﬂqﬂmﬁL%Lﬂui'aqgmsﬁ'uiaﬂwﬁfﬂ Cu,
Ni, Pb, Zn uaz Cd ludasdfians

2.3.5.1 mimnmﬁmm:aulumig}ﬂ%’ﬂam%ﬁn

msmnmﬁmm:amaami@wﬁ'ﬂamﬁﬁfﬂ anwlasirizgeadu
aaadiunlnlud) 0.200 n3u msqiummﬁagﬂwvj PUIA 500 NAFRAT LANRIIAZANY
AT Zn anududu 4000 lulainiudediay Yunas 150 Haddas nauasluizgaa
Fufidasnmagey @iaqﬂiﬁaan%wuua:ﬁﬂﬂLﬁﬁLﬂ%f'aamrh AMUL3ITaL 100 JaUde
yat7 ﬁqmﬁgﬁﬁm (MWUsznay 2.15) LLﬂimnmlumi@@sﬁ'u fa 10, 30, 60, 90 WAL
120 Wil nvavEnTazagEIuilasionszansnsaslonts Whatman GF-F SiazsiuSanm
zZn lussnzaenainIgady §1810389 ICP-OES I(ﬂﬂ‘ludﬁufi%'ﬂﬁlﬁﬂ%adﬁ@%a%‘Iﬁﬂﬁ’m
LA309HaNa1 ANEANEIMEAT WMNINNRDFITRIRASUNS TInTasITan (MWUsEnau
2.16) Lﬂ?iwi’a@mmfﬁuLflum;,mﬂmﬁnaan"lmﬁé’amﬁzﬁuaﬁa@p’mLﬂaﬁ-m;,mml.&imﬁﬂ
wlu AgassInans g LLazLﬂ'mamﬁlﬁumngﬁ'ﬁJLi’lu 30, 60, 90, 180, 300 LAz 420
W

[} 1 4
’a P agIunad-
wadituInlud

[} <
mgmmmmaﬂuﬂu

mMwilsznau 2.15 qmlﬁaan%wmm:m%aamzh
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MWYszney 2.16 Lﬂ%adwmamL%ﬁﬂaﬁﬂﬂﬂau-aLﬂﬂImsaIﬂﬂLLU&ULiJa'aLLm

2.35.2 minaseudszEninmwlunsgadulansninluiesjidns
minaseulszininmlunmigedulanswinluiesdjidns dnwlas
isggady (aadiuulnlud aunamaneanladqsamzd uaziagiuaad-aunia
wimanw luiganedlasis A 35 B uaz33 D) 0.200 n3u NAROUNIQATUIIIAZANY
¥193371% Cd, Zn, Cu, Ni uaz Pb @2uidudu 4000 lulasnsusadas Usuas 150

a [ a/

EGEIGE wama@m@muLLazmiazmﬂiaﬂ:LL@iawﬁ@aq‘LummLLﬁagﬂmmj 2%1@ 500
EGEIGE @iaqﬂlﬁaaﬂ%muuazﬁﬂﬂLﬁﬂLﬂéaame ANUSITOU 100 saudewf 7l
amanniviag Hwtaannafi 15 widl (mﬂmsmaaamnmﬁmmmulumsgwﬁu) n3849
wenssazanssIniladsnszanensaslowta Whatman GF-F SiasnzsfilSunm Cd, zn,
Cu, Ni L&z Pb ‘Lumsazmm&’onﬁg}@sﬁué’aﬂm’%'ao ICP-OES ¥NInaaadtnilaudnaan
wAlAsuanududusasmsasaen@IgIu Cd, Zn, Cu, Ni uaz Pb 1 5000 lulasnsu
Gadas way 25000 lulasnsudadas ﬁﬁmmmﬂ"\mww@]lumsg}@sﬁ'ﬂamﬁﬁfﬂmaﬁaq

s 1 ada
@@TUI%LL@IQ:’J‘E

2.353 ﬁﬁamw%'uvlﬂﬁmou,sjmﬁnmaﬁaqga%’uwé’oﬂﬁgﬂﬁu
ﬁﬁamw%'uvl,ﬂﬁmaLL&]mﬁﬂmaaﬁ'a@mwﬁ'um'aﬂ'ﬁgwﬁ'u ﬁﬂﬂﬂ@ﬂﬁﬁ'ﬁ@;
Huead-aypmaudinininlundigadulanzninunasgiu suukengunni 80°C 11a1 3

109 1azsin M a9 A &AWL I bl NILNLARD



28

2.3.5.4 msﬁnmmmmné’waﬁmﬁwLﬂaﬁ-mgmmwjmﬁﬂmiu %é’dmig}@
FUlasNAnALILAEN
mmmnné’ui’aqiawé’amsgwﬁ'ﬂam%ﬁﬂ NAURNUALNILRANAENIINY

Ia sll‘*ﬁl,wiaLL;imﬁﬂg@i'a@ﬁmLﬂa ﬁ-amgmﬂLL&imﬁnmiuné’uﬁumnmsa:m LA I

~ o 1 - wa ' I
2.4 NITLATYNADENILNDANBIANT ALLNLAAN
°fi'dau‘,mﬂm§ﬂaaﬂvl,sm‘wauﬁ‘mmalf’f'jumﬁumu@ PrwnIINUIEN 3
o :/ v A o YU & g % o £ &
N3y (m%uﬂmgmﬂmﬁﬂaaﬂ"lm@'ﬂlumu 0.5000 n5%) WaNlAtduiiatdsanu oaauyiu

1 % 1 6 a a v d' >3 a
LHWNAY (WWHIUGWINAND 2 LTudLuaT % 0.5 Loudluas) laslfiasasaa lalasan

]
=

w3980 5 At LaRauRlaelmasNgaIne Ltamwﬁﬂﬂﬁuﬁmqmﬂ{]ﬁﬁaa (Mwisznay
2.17)

a '

v ‘é’ AD o e J
mwisenay 2.17 (a) Wnaaduzduuunay (b) Tuaietvaveadugl

(2

Awisznay 2.18 qﬂmnﬂﬁ%ué”aasmﬁm%'uﬁﬂmauﬂal,l,&imﬁﬂ
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UNN 3
Hawazn1sanUsgna

unit ndnfananIFiaTzieumamanaanlad Jagiiuiaat-aunia

WULABAUWI LY WASNANITANBIANBHUZNIINIEATN ANBUSLANIEIIBETUIILNLAAN
=3 o 1 6 ' =3 v & > o o

Nutramuhizghaad-aumawiminwlulzgndlfiduizgeadulanznin Cu,

Ni, Pb, Zn uaz Cd uazmisusnizgaaduaanaindignaadulurasdfianiy wipuns

msafdenanle

3.1 Namsﬁnmé’numzmam NN

3.1.1 FUATEDIUSVDIANT

I & = & \ Ao & & Aad
mﬂwamimLmﬁmamgmﬂmaﬂaanvlfm WNUINRNINFILATIZRINNNG 4 3T

A o & A o ad ad A v A o A Al & °
Fanumetlund lauaINganzilasds A uazdt B ARInaLALING Aa FeDainanadn
aanaaslwnindsznay 3.1 935 C ﬁqmmq}ﬁl,m 300, 400 WAz 500°C AFGE1DIUIOATY
Aa o K g’ o A o K Z/ o o e ada t:ll a
Fenfaanadn uazRdrnaianady anudau (nwdsznay 3.2) uazis D Ngannl
ANAzNak 70 WAz 90°C URGAFIN unLIuAIT D ‘ﬁqm%gﬁ@ﬂmﬂau 25 WAy 50°C NF

by & Y o o = o a v &
108 LAzINMAy NEIeL (MnUsznay 3.3) SInnanuusFuasaTanaTa Lt
ﬁaymﬁaaﬁulumﬁ:q"ﬁﬁmaamql,mﬂmﬁnaan%ﬁﬁé’ammzﬂﬁ Lﬁaamﬂmgmﬂ
wiranuaniIng (Magnetite; Fe,0,) A7 druuundlud (Maghemite; y-Fe,0;) I&
aaldu 1nasng (Goethite; a-FeOOH) AR1ARaINANATILAS LazTN NG (Hematite:
A 2 3 o v & A o & & ad A = &
a-Fe,0;) HFUAINIRIANALTN AIBUEITNRILATIZRINANG 4 3D wagmﬂmaﬂaaﬂ"lem
P ~ & a & \ & a & a ea &L o aa
mu@mmu"l,mLLa:Lmﬂa"LumJizﬂauag Tundanatnasing uazdunindiietuaqaluis

C uazid D

(a) (b)

mwdsznay 3.1 ansacfvesaymaminaanladsianzilos (a) 35 A uaz (b) 3T B
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(@) (b) (c)

nMwdsznay 3.2 é’ﬂi&mzﬁmaam&mﬂmﬁﬂaaﬂvl,sﬁﬁﬁdl,mﬂxﬁ‘[@ﬁ% C qm‘ﬂﬁﬁLN"l
(a) 300°C, (b) 400°C Uaz (c) 500°C

(a) (b) (c) (d)

ad

s a ~ 6 dl a
nwilaznay 3.3 ansaeivedaymaminaanloddianzilasis D Ngunnlanaznaw
(a) 25°C, (b) 50°C, (c) 70°C waz (d) 90°C

PR ~ A aa & v & = & | aa P

WanlisuisuiTuszruneudianzieunmamanaanlad wuiiis C i

. o o | aa aa 2 a A A @ e a A

AMugeINgudauInnnIig A, B uazdt D JsRasanidenienlansdanzinange
28937 C o lunereuantfdudeld lasmsanadas k (@179 3.1) wuiiansh
faaneilait C Namngiitin 300, 400 uaz 500°C dlen k Wiy 4353.0, 113207.5
uaz 81776.7 pSl anudey lasngmannliin 400°C de k gaga Judugnnpiivn

o & = aa A Ao vl
wianzavlunssanzieymamineanlodlasis ¢ asnaindnanilataim

L33 LLa:a"ﬂmﬁummﬁﬂgoq@

®1319 3.1 mamw%'uvlﬁﬁmaLL;imﬁﬂmaamgmﬂmﬁﬂaaﬂ"l,eﬁﬁﬁamsw:ﬂ@ﬂ%% C
gDt 300, 400 uaz 500°C Muldussemeeisnan

pasnniiuauiia (°C) k (uS)
300 4353.0
400 113207.5
500 81776.7
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a 2 =3 % a a%’ o A 6
3.1.2 MAeMzRlasisananlasltinafiansiaaunTIRand
NnAWUsznay 3.4 ‘wmfﬁmgmﬂmﬁﬂaan"lsﬁﬁﬁé‘amm:ﬂ@ﬁ% A, B, C
LazAd D mwwzﬁaﬁm%gﬁmnmznau 70 waz 90°C ﬁgﬂLmumﬂﬁmLuu%'aﬁmﬂsﬁﬁ'ﬂwm:
A8 WATATINUILUUULNNAIZ I (International Centre for Diffraction Data; ICDD)
= ¢ a ~ & Aa o =2
ANBLAY 019-0629 Vadtnanaan loasiauunitlng (Fe;0,) NRlassassnanluszuy
6 A = a d‘ a % 1 a g; (%
anunen wiaduanuanlulSuimitas ﬁmvl,uam’]iml,amgﬂl,l,uu XRD I8N TNAN b b6
A = = e A a & 2 A o =2 i a
wiatdwndneanlodrfiauundlud (y-Fe,0,) Telilaseaianfnuasszoziisuaaiie
(Lattice spacing) bnaLAsInuLuning (Lv et al., 2008) asvutuldlanumanaanloans
2 TRAALAATINNWIUNNTRILATIZANG 4 3T Lﬁaﬁﬁmmﬁgﬂuuu XRD maamg‘,mﬂmﬁﬂ
aan MG FIATIEHlaAT D ﬁqm%gﬁ@ﬂm:ﬂau 25 Wa 50°C wudwﬁgﬂuuu XRD %849
NANLNBS NG (0-FeOOH; ICDD 29-0713) uasuiniiing (ICDD 19-0629) NAWANNT
a 6 1 a =1 ] a aa J a 2 aaa
aLﬂﬁn:v\‘wmwqmv\{]mnmﬂauuwamamsm@maﬂmﬂmﬁ D dvadunglaand§isen
nMafaLunBIng lagnszurnnisaandianwuaaalalalasladsuasnasszlanan
2+ { { { Aa a
(Fe) lumumsf I, 11 uaz Il iikasanfigaengiianaznan 25 uaz 50°C AdTunm
a 1 A ) v aaa n:ll a 1 6 U s
sandlanldiisiwa MldUfisenlusunisn 11 uaz I Aald ldauysal saeadaaiy

ﬂﬁﬁ’%mﬁﬁnmim Olowe W&z Refait (Olowe et al., 1991; Refait et al., 1993)

Fe" + 20H — » Fe(OH), ()
3Fe(OH), + 1/20, ——» Fe(OH), + 2FeO0H + H,0  (II)
Fe(OH), + 2FeO0OH —» Fes0, + 2H,0 ()
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Intensity (a.u.)

awisenau 3.4 gﬂLLuumiLamLuu%'aﬁLaﬂsfmaoaygmﬂmﬁnaaﬂ%ﬁé’dLmﬁ:vﬂ@ﬂ (a)
A5 A, (b) A3 B, (c) 37 C uazdD D Ngampiianaznaw (d) 25°C, (e) 50°C, (f) 70°C uaz
90°C (g)

ﬁﬂﬂ“ﬁa;&m%dﬁuaﬂumin 3.2 URASIUWIANAN (Crystallite size; dygp)
AUWIUAI8IT X-ray line broadening laglazunsvaawasizas (Scherrer’'s equation) 1ot

I RUMTANUTUN WS
i __Kz
XRO pcosf
a
13
dyep AB Crystallite size NENWITAAIN XRD (W1 lluaT)
=} 1 dl J Q 1 ~ =2 U
K @2 ¢asn aunvawaussgdinizeadanan g6 K ~1
A @8 anugMIAIRTaITIRLANT
B @8 Full width at half maximum (FWHM)
0 @8 YULREILLUY

o ' = e o aa ad
Nﬂﬂ"liﬂqu’lmv\lﬂﬁqau‘aﬂqﬂLﬁﬂﬂﬂaﬂi‘ﬁ@ﬂﬁGLﬂiqzﬁi@U?ﬁ A, B uaz 35 C

Fawranandszunos 12 wlwues Iuuuends D Jvwiananlugig 30 019 40 wlwuas
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20N kaNFILAINERLasT A, B, C uazid D
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ATWBNRD (As) PUINDRNA (dper) WRSUWIANEAN (Oyro) PBIBUNALAAN

2 1

15 As (mg ) | dger (M) | dxro(NM)
A 104.49 11.48 12.70
B 114.22 10.50 12.71
C 106.50 11.26 12.23
D (25°C) 47.86 25.07 39+1
D (50°C) 33.79 35.51 36+3
D (70°C) 17.51 68.53 3342
D (90°C) 18.47 64.95 31+1

3.1.3 ms"?Lm’]zﬁﬁuﬁE'i’;LLazmm@gwgu@‘Tmmﬂﬁﬂ BET

ﬁnﬂmiﬁﬂmﬁuﬁﬁaLLawm@gwguﬁwmﬂﬁﬂ BET (Brunauer-Emmett—

Teller) (Dutz et al., 2007) LLa:ﬁ’lmm"um@agmﬂ dget AURNNTY dper = 6/pAs Lﬁap

A9 AMURWILUL As Aa WWARI NANITILATIZRLRAIIBATITS 3.2 wudﬂagmﬂmﬁﬂ

20N MIANFILATIRLALTT A, B uazdT C INunRInniaiaunuis D

80

T T T
20 30 40 50

T T
60 70 80

90 100

Precipitation temperatures (°C)

mMwisznau 3.5 mmé’uﬁ'uf‘azmwwm@amgmﬂmmmql,mﬂmﬁﬂaaﬂvlsn@‘i'f,%'omswzﬂ@ﬂ
35D ﬁuqm%gﬁﬁlﬁ’lummﬂmﬂau
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o 1 =3 6 @ ada ad A
Namimmmwmﬁmggmﬂmaﬂaan"l,maumw:ﬁ‘[@mﬁ A, B L35 C &
v A s =3 dl o a
PINABRNA dger LUTEU 11 W UNas NAASINUVUIANEN dyrp NANUIMNNATA
g o A & P Ao Aad a
MARNUUTITONT YUNIUIABUNA dger ARATIZHALA83T D (A1379 3.2) Fuua
WANANINNVMIANAN dygp 108 Mirbe wazame (2007) latassnanuliTamanan dyxp
LLa:mm@mgmﬂﬁﬁﬂﬂﬁlﬁmﬁ'umwwzmtﬁmgmﬂﬁmm@Lﬁnmh 40 W lwLuas
PMNHAMNTIUATIZAANNFUANUTITNINVUABUNIA dger  NUIANDH
anaznau (NMwilsznay 3.5) wuitgmnniianaznaw 25, 50, 70 uaz 90°C aunadl
YUIA 25.07, 35.31, 68.53 LA 64.95 WILLLUAT ATNAIAL agﬂvlﬁiwagmﬂmﬁnaaﬂvlsﬁﬁ
. & 4 - ¥ . - .
aammzﬁa:ﬁmmﬂmymmﬁaqmwgmﬂmﬂamwmu wﬁamqmwgmﬂmﬂaugamﬂ
{ a = { v o )
70°C ﬁmgmmmﬁmmmﬁﬂm GmL%a’sw:ﬁml,mmmﬂﬂmwmeumaam‘:a:mmsmu
Aa & oA ¥ & a a = & o A
mmgwumamizmuaan"l,ﬂmﬂmu aangenisiianianvadluniu (SriisIm,
2536)

3.1.4 mylenzilavsindmondosantiaddiinasauuuusadriu
nnansuzlasigivrataumaminaanlodfuaizilasit A, B, C
waAT D wawzNgmngiianaznau 70°C  uaedluniwliznay 3.6 wudiaunAman
& o & & Al A o A = A A , Y a
aanladdiATMzing 4 3% fdanmadulavesgduinnsasnadiafiuandraniu lasd
a = & a = &a o aa
nstdulavesgundnauyssiunn nidleyniananeanlodndsiaszilasis D
(nwisznay 3.6d) Lﬁadfﬂ'mB\IﬁﬂﬁIﬂidﬁ%ﬁdgﬂﬂidgﬂﬁ’]ﬂﬁuﬂ@%ﬁ/ﬂ%’@Lfﬂu (Cubo-
octahedral morphology) lassaaasnanidulassaionanlnaifuandrsluandeunan
A Ada o & & A o s YN
Wanfilassafuungnunan samafalassaslmidusuifianzaaseynmamluzas
lanenaudtu asuaaslunindszney 3.7 3anmsiarwiaauninainnIwgiy TEM
(Mmwilsznay 3.6) wud aymamndnean ladngsanzilasis A, B, C uazis D daua
aunaLady 10 89 15 wiluwas 5 19 10 wilwuas 5 69 10 w1 luluas uaz 60 09 70
o Q ‘é { v a
wlwlaas MudaU Tarwaaynafilzinmsnmnanniasgantsaidiinasawiuy
gasrimdvmalndifssiuamaaumanduwindisinaiiazes BET uaaddn inafinvad

BET mmmﬂi:mm"um@mgmﬂmﬁﬂaaﬂ"l,sﬁﬁi:ﬁumiuvlé’lﬂﬁlﬁmmwnﬂmﬁa
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nwisznay 3.6 Ny TEM vadaynamanaan lodnguazilas (a) 35 A, (b) 33

B. (c) 7% C uag (d) 33 D wwwzigasnniianaznaw 70°C

mwilsznay 3.7 mana Inseadelniveseymaszavu Tuveslangnsuddau
(a) JUnIIAilavaInanuwlu Cubo-octahedral fdammaduladnggiu
(b) msﬁ'@ummwmgﬂmdLﬁai:muwﬁﬂﬁmsmﬁﬂuu,ﬂaa
(c) Unsanadiavasaynaw ludidan Decahedral Uaz Icosahedral
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[ o 1 [
3.2 Naﬂ']sﬁﬂl“l"]aﬂﬂmzlawqgﬁ'\%aquqﬂLLN Lian

3.2.1 msmaaums@@amwjmﬁﬂ
mnwamsmaaumi@@a@LLajLﬂﬁﬂmadmgmﬂmﬁﬂaaﬂvlfnﬁﬁumw:ﬁ
wudflagmﬂmﬁﬂaaﬂ%ﬁﬁ&dmﬁ:ﬁafmﬁo 4 3% mm‘mgmﬁ@l@mwiamimﬁﬂ LEAIIN

Ao o wa & &
a’]i'ﬂﬁﬂlaﬂﬁqzﬁwl,@lla&lﬂ@lLllua”lilal,&l LARN

3.2.2 ngmwsu I lansuainanasdn
IIMNEANIINARIUNILIULARAD 1HA1379 3.3 wuiwm&mﬂmﬁﬂaaﬂ%ﬁ
AT HLALAT A, B, C Uaz33 D ﬁqmmgﬁ@mmﬂau 25, 50, 70 WAz 90°C Aen k tvinnu
69986+1333, 7860812419, 113207+2413, 1015965, 19412432, 52891+1469 L.\
43726799 pSI MU INA" K ﬁi‘@"lﬁﬂd%dwmgmﬂmﬁﬂaaﬂ"lsnﬁﬁé‘dLmﬂz‘ﬁmﬂﬁa 4
ad A A &) 1 =3 L 1 1 a =} a

7% Ssndaiduaynauainan LLazmawagiuﬂquwwsnmmumﬂ nIaaslsuunLwan
Lﬁaoa'mmgn’lml,&imﬁﬂﬁa 2 ﬂéju e k mﬂﬂ'j']gmﬁ ﬁaoawé’aﬁagamsmaauém’m
wranana9TIelenNII LN Lﬁaamna"ﬁmﬁ]LLajmﬁﬂmﬂﬁNLﬂuauﬁamwwwaqamgmﬂ
waanaslsndlawusialaiwuiasliaiios (SSD), latuuasdtisy (PSD) was Jad-

a @ ° ' = Y o ) ' & Ada
1ol (MD) Naunsasnsdiwandwmananda i lauin muagmmmmaﬂmimuu

a a ' & o ° ' = o o = A o
Fiaw1 84810 (SP) luawrsanusnendiuawiinanandalilawiu 39laudidua
LR ANANAI IR AT1970 LA LT 0T QRN U AT RLADITALNLRANRI AU ALNLRAN

andslusmnmauaniiiuaud (Zero field)

@199 3.3 mamw%'u"l,i”l,ﬁmaLLajmﬁnﬁaﬁwnaamgmﬂmﬁﬂaaﬂvl,eﬁﬁé'al,mﬂzﬂ@ﬁ% A,
B, C kaz35 D ﬁqmﬁgﬁ@ﬂ@:ﬂau 25, 50, 70 WAz 90°C

% k (uSI)
A 69986 +1333
B 7860842419
C 11320742413
D (25°C) | 10159465
D (50°C) | 1941232
D (70°C) | 528911469
D (90°C) | 437264799
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’%’]ﬂﬂ’]iﬁﬂ‘]&ﬂ NAVBIFNIZANULD WNIA-6196 aamwﬁ”ﬂ*ﬂﬁma UNLAAN

(A1 k) °11aamgmﬂm§naan"tmﬁé’aLm’]:ﬁl,ﬁﬂuﬁ'unm (nmwisznay 3.8) wudnaune

I el o & & ad A A a A . '
Lﬁﬂﬂaaﬂvlsﬁ@'ﬂaﬂLﬂi']zﬂﬁnﬂ'ﬂﬂ 4 17 YLRDYINING L&Jﬂa%llua’]iaza"lﬂﬂi@uaz@qﬂ (pH 3-

9) lagtanzAt B v9a830tduds ¢ 35D uait A enuday Wanansanluudazit

| aa A A ad A ' , ad ad ad A A
WUINIT A 3JLaﬂUiﬂ’]W@‘ﬂq@luaqiaza’]UﬂLllu@n('l FIWID B 35 D Lazdd C ULRDYTAIN

InfLAINuNIZAU pH 6199

0.8

0.4 —

0.2

0.8

0.4+

0.2 4

= 0.6 -

pH3
Y =-0.0154 * In(X) + 1.0690

pHS5
Y =-0.0162 * In(X) + 1.0564

pH7
Y =-0.0072 * In(X) + 1.0240

= 0.6

—+—pH3
1 pHO —=—
Y =-0.0050 * In(X) + 1.0230 pH S
—S—pH7
4 —24—pH9
IIIII T IIIIIIII T IIIIIIII T IIIIIIII T T TTTT
10 100 1000 10000 100000
Time (min)
pH3
Y =0.0007* In(X) + 1.0044
pH5
Y =-0.0026 * In(X) + 1.0094
pH7
Y =-0.0002 * In(X) +0.9928
——pH 3
1 pHo9 =
Y saga1+ In(X) +0.9990 pHS
—o—pH7
4 —24&—pH9
T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII T T TTTTm
1 10 100 1000 10000 100000
Time (min)

pH3
0.8 - Y =0.0005*In(X) +0.9992
o | pH5
i 0.6 = Y =-0.0017* In(X) +0.9978
T en7
0.4 - Equation Y =-0.0021 * In(X) + 1.0080
—+—pH3
pHO —H—pHS5
0.2 - Equation Y =-0.0017 * In(X) + 1.0140 —_— pH7
| —A—pHO
0 T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII T TTTT
1 10 100 1000 10000 100000
Time (min)

pH3
0.8— Y=-0.0080%In(X)+ 10280
o 1 pHS
S 06 Y=00070% )+ 10315
S
pH7
04— Y=-00055*In(x)+ L0310
—+—pH3
pH9 —H&=—pHS5
02 Y=-0.0060%mcx)+1.031 o— pH 7
i —A—pH9
0 T IIIIIIII T IIIIIIII T IIIIIIII T T TTTTIm
10 100 1000 10000 100000
Time (min)

AMNUTZNaU 3.8 ANNFNANUTIZTNINGA kik, tDuNanTuALLIaN maamgmﬂmﬁﬂaaﬂ%ﬁ

faanzilas (a) 3T A, (b) 35 B, (¢) 3T C uaz (d) 35 D wwizNgannianaznau 70°C

lusnsazans pH 3 99 9
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324 mawmigrhswanimanandefia IRM

NMNLINoy 3.9 UFAIENEIENTINM SRS MILIRANAN
%@ IRM °11aamg,mﬂmﬁnaan%ﬁé’amﬁzﬂﬂﬁ% A, B, C uazdd D %ammmgﬂ
wigrihlfiiaswaudinanandrfia IRM auﬁamg\aqw‘%aéuﬁa (Saturation of IRM;
SIRM) 'ladne Fromamnuigiuies 0.3T LLammwLﬂumgmmujmﬁﬂmaﬂwﬁ@
ap)s (Soft ferromagnetic materials) Tag SIRM ¢ 94.881, 34.134, 50.842, 87.817,
250.534, 940.909 W&z 775.192 A/m §1%3U3D A, B, C Uaz35 D ﬁqmugﬁmnmnau 25,
50, 70 a2 90°C ANNE1AU lasd1 SIRM maaagmaﬁé’amswzﬂm%% D dlengaann i
WaUNUAT A, B Wagid C antiuis D ﬁqmﬁgﬁ@ﬂmﬂau 25°C @9ilen SIRM Indides
1U3T A, B 1Uaz3d C %‘yslﬁl,ﬁu’hmg‘,mﬂmﬁnaan%ﬁé’ammzﬂﬂﬁ% D gmunnlanaznam
50, 70 uaz 90°C idasuvatapmaLinansiia SSD mﬂﬂ’hﬁﬁagluagnml,l,ﬂmﬁn
faanehlasit A, B wazdT C wiananlunenaunu sumaudimansuanzilasis D
ﬁqmﬂgﬁ@mmnau 50, 70 uaz 90°C HFad mvasannawiinansiia SP Wounindisily
mgmﬂu&imﬁﬂﬁamﬁzﬂm:ﬁ% A B uaz3% C nanain 1H893103% A, B uazdt C T k
937N UAnauien SIRM éin uwsasihaumauinindiulnaidusiia sp iflasandn IRM

wa [l & da J ' &
ﬁlzLLﬁ@\‘iﬁﬂJ‘U@lL%W']ZT@Gﬂl&ﬂﬁﬂLLﬂJLﬂﬂﬂﬂN“ﬂ%”l@ SSD "]J%vLﬂWl']%%

1000

—H&—— Method A
—2A—— Method B
—6—— Method C
—+—— Method D 25°C
—@—— Method D 50°C
——— Method D 70°C ]
—&—— Method D 90°C

IRM Intensity (A/m)

Magnetizing Field (Tesla)

AMNUIENAU 3.9 ANURNWWIITRINIEWIALULRANANA19THA IRM maqmgmﬂmﬁﬂ
20N IARILATIZHA 1au3T A, B, C uazdt D ﬁqmﬁgﬁmﬂmﬂau 25,50, 70 Was 90°C NU

FUIULULARNLA TN
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3.2.5 mMIauaamLdRanandsTia IRM laglozuatiinangay

MWUsEnay 3.10 LEaIaNEHNIINNITALR I WIALULRANaNAITHRA
IRM  lagldauuditnanaay wUawLLIAaN&auauIa 30 mT  &IN150aUA9 IRM
maaaqmﬂmﬁnaan%@‘ﬁé’umwzﬁ‘[mﬁ% A, B, C w833 D lennnin 95 asidud
oniuis D gumplianaznan 25°C  Uaz 50°C fffasfisunaudimanandeziia IRM
WALl NAUANMIIEUINLIRANEALIWIA 50 mT LLamdﬂmgmﬂmﬁﬂaaﬂ"Lm‘i‘
FIAMRAILIT D gumnn1IAnNAznat 25°C waz 50°C Haunmauiinansiauds 15w
sulng n3anaflng thainlunsdoaseiars SoxeandodnuNanITILATIZR
Tassanandemeafinnsiasuniodiand %G@]i’sﬁlwugﬂLLUUﬂ’]i‘LgU’JLﬂJuﬂJE}\‘]E}Hﬂ’]ﬂ

] =) J =) { =)
wiRANNaS INALRATIBINAT D ﬁqm%{]wmsmﬂmﬂau 25°C W&z 50°C

—H&—— Method A
—2#—— Method B
——6—— Method C
—+—— Method D 25°C
—@—— Method D 50°C |
—&—— Method D 70°C
—4&—— Method D 90°C

M/Mo

Peak Alternating Field (mT)

AMwysznay 3.10 NTINNTAUR IS WIALALAANANAS IRM  (M/Mo) @288 INLILAGN
AL °uaaau‘,mﬂmﬁnaaﬂ"lsﬁ@ﬁ'al,mwzﬂ@ﬁ% A, B, C uLazA3 D ﬁqmﬂgﬁ@ﬂmﬂau 25,

50, 70 uas 90°C

[ o ' . . . A
NANIIAUNULEAINILAT MDF (Median Destructive Field, MDF) @atilu
ANRWIUNRINNTDALSS IRM  IHaaadlnaanIanitd a81913Aa1d wuinal MDF a9

aumamanaanloagiandlasit A, B uadit C (awiaaynna 12 wiluwas) uaz
WD (vwimeyna 25 19 70 wiluwas) Sarlndifssiu udiaynmaminaanlad
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AT Hlae3T D Ulatunuiiwantiia SSD N1a133d1 MDF §9 ueein MDF 1ailed
mmé‘wﬁuﬂﬂué‘@mﬂ@Umaﬁ‘wm@mgmﬂﬁaLmﬁ:ﬁamﬁ@Lﬁm

3.2.6 NMIAUAIEIMALNIRANANA9THe IRM lagldtainusan
LﬁaamﬂﬁmmLﬂuvl,ﬂ.lvl,@ﬁ”ﬁauﬁ@mgmﬂLszmﬁﬂLLuﬂﬁVLmTLLazLLam%'VLmﬁLu
') & = Aaa aa A A & P’ @ ' =<
nIfanzRaumMananaanlodlasit A, B uadt C ieRgadauydziudinann 39

o 1

NARAUAILNIAUAIEIMUULAINANAITHA IRM daaanuiauigunnliansg tWe
AN INN AT (Te) Va90UMARNLAANFILATIEW NANTTNARBUNLINa%ANA
] =3 Qs a 1 1 &
WULARNRILATIZALALAT A S Te 331319 580 019 600°C (Mwusznay 3.11a) Tadu
\ ] a & P . A A A o
72967 Te 209uNNT NG waziitadanen k vadansbiidswudasunnilliafisunuen k
VOITNINBULKT (@179 3.3 wazmwisznay 3.12) ugasitaunamanaanloaganmzi

ad &) A & & (PN o
I@’IEJ'J‘E A L‘].]%LLﬂJﬂ‘e’[vLSJ@]@NLL@Iﬂﬂ%u’]ﬂJWLN"I‘ﬂ@ﬁaU

160 160 160

(@) | (b) | ©
E 120 E 120 E 120
< < <
£ E £
2 80 Z 80 2 80
2 2 s
= = £
b S
T 40 5 40 T 40
0 ——77— 0 ——TTT 0 — T
500 550 600 650 700 750 500 550 600 650 700 750 500 550 600 650 700 750
Temperature (°C) Temperature (°C) Temperature (°C)

MwUsznay 3.11 aNNRUWKETEHIeE wLimananmIziia laloinasia (IRM) AU
A & & o ad Aad A A

aunn® vevaymamanaanladsianzilasit A, B, C uazdt D Naannlanaznaw

25, 50, 70 LLaxr 90°C

1 = Qs a 1 &
fauauAmanaanloagaazilasit B fidn T Uazanm 560°C B9
W Te vasuuniiing (mwisznau 3.11b) 1Hesandl k wesans kilfsundasunniiie
WIBUAUAT Kk VBIRITABWLEN (91314 3.3 WaTAWUTENBY 3.12) LEAIINENTRIATITALAE
758 Juunnitlng lasfeymasualngves SsD  wunitlndlugadiugs ildnis
oxidation vasuunilng 1Wuldldenn Jaiaduuundlud laias
o = > =3 6 aa ISP '
lurueafornuannmamansanlodgianzilasds C T To sewing
A ' . = d
580 £14 600°C (MwUsznay 3.11c) Toduang Te vasuund bud agna bsnauuund luan

a & Aa . . A ed = [ ¢&a Aa A
LNAVYBUIILLNAITN oxidation Vad SP LLlJﬂuVLVWIV]Lﬂuaﬂia\‘il,ﬂiqzﬁl,@uﬂuﬂ%]lnﬂ Lda
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FIATHA283T C laaganaanean k °uaamiﬁammazﬁ@hgamﬂmhﬂ'"n K UDI&1THAI
© & mom A

LWNANN (61379 3.3 waznwlznay 3.12) asnud fiseniiieduiaziiu sP uanilng
AduanIFIaIziaIdwlay 1ia oxidation nanuLile SP uundludusaswds SSD

a & v o = o A9 v & o = &
wINFLNG INNANITAURIIFIWIALNLRANANAT IRM %lwmmwamgmﬂmaﬂaaﬂvlmﬂ
o & & ad A = & A & & & ) o, a
FILATIZAINNNG 3 57 Fuunbinduazuundludidnaidlsznaunan laggagiuuainuni
Inddaunundludluds B Ju1nni13% A ameNanIfaazhalsds C 8 SP uuniilng
(Fe;0,) (udulng lasdrdrwawiwdnandsiia IRM Mindadsagnamnnligini

, A A
675°C U1EURAILNTVDY a-Fe TINAN Tc 765°C

100

—+H&—— Method A
—=2&—— Method B

—=&—— Method C
80 —

60 —

40 —

20 —

Magnetic susceptibility (mSI)

0 T T T T T T T T
500 550 600 650 700 750

Temperature (°C)

Awisenay 3.12 ﬂ:naJﬁwﬁuﬁizm’m@hamw%’uvl,’i”l,ﬁmaLLﬂLﬁ%ﬂﬁ‘uqmﬁQﬁ 28I8%AA
IARNAaN ITARILATIZHLIALAT A, B UazAT C waINIaUa s wIaLinanand9nia IRM
fMoanuiaungmnniiane g

3.2.7 AUUAIRNSITRLTILALAAN
AMNNIINANVFUNUETZR I LUN R INeTr (M) AUARMINLNLASN
nMuuan (H) WIa98aneITaudlnan (magnetic  hysteresis loop) 838UNALWAN
sanlwagiAnzilasds A, B, C uaziT D Ngmannlanaznan 25, 50, 70 uaz 90°C
A A v = e o & & ad A
(mwisznay 3.13) ) wud fgampiivetsenmamineanladnguayziann 4 35 4
1FRNOITRTVILAZUAY LaadngAnsIuasuananuuuinasls siiaden suWwEAUAN

FAWALAINIILNLARN (He) hazdaTainteningduuniinistsuand1idualdadn
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A o a o = " o @ o I3
LL&Jﬂ%VLYlL‘]j“Iiuan@l’J (MF/MS) (6]']5']\1 34) Gﬁdﬁﬂﬂm’]LLazlﬂaLﬁmﬂu“ﬂa\‘la‘l«&ﬂﬂﬂmaﬂ

2
a

e o Aad Aad ' = e o & &
20N MIGNFILATIZALIALIT A, B wazdt C mmwm&mﬂmaﬂaan"l,smﬂml,mnmmﬂm
3 3% fanwmzlawwnudimansiiaidoans da SP ludinlng lasdiuvrssmdanwme
TaLuwLailnanTHha SSD uazand1 k. WuI1Is C ﬁé’@mumaaagmﬂ SP mnﬁq@

389893 D WAT B 4azAt A aNE19U

—+8—— Method A
—=2&—— Method B
| —6—— Method C
40 | ——+—— Method D 25°C
| ——@&—— Method D 50°C
—&—— Method D 70°C
—&—— Method D 90°C

Magnetization (emu/g)

Awlsznau 3.13 ao%ama‘%éﬁmmmﬁnmaamg,mﬂmﬁnaaﬂ"lmﬁé'al,mw:ﬂmﬁ% A B, C

WazAT D ﬁqm%gﬁmﬂmﬂau 25, 50, 70 LAz 90°C

i Aad a P e A Aa i

FIUNIBAT D ANanIIaTzne1aan ld ﬂamsﬂmm@mgmﬂlmy
A9 25 019 70 W1 lwluas wazian Mr/Ms wazen He ﬁgammﬁal,ﬁyuﬁ'ﬁ% A, B 18237 C
A & = A s L AN e = &a
Fudunaanmaddswilasvasrwiainswilng I uw"l,mﬁatgmﬂmaﬂaaﬂvl,mﬂ
AT D danumlaiuwiiinansia SSD untiuis D ﬁqm%gﬁ@mmﬂau
25°C JanBlaLUWNITRA SSD UasTha SP NENN® RAAANDINUNAIIURAILIIUITEN
R1UNINEWEWLGAI1  Critical size VaIlALUBULILARNTHA SP UA161071 30 W lwbieT
(McNab et al., 1968; Dunlop, 1973; Dunlop and Bina, 1977) LLaz¢é1na1 60 W lwluas
fniteymeaudmanuanitindniilawnwiwansiia SSD (Dunlop, 1973) wmzfiana

muﬁﬁ@h@ifmfh 84 w1 lulu@T (Enkin and Dunlop, 1987; Enkin and Williams, 1994)
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90000 — e /
- ,’ 1
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[7p) e ’ /
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-~ R2=009857 .’ 7 / /
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ger (NM) dger (NM)
100 180
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Prae A
_ 150 — Pt
80— T | - R2=09419 & ./
- S e ) S e L7
_ A o / 120 /. -
> | O 7 / 1 + _-
=’ 60 ’ / 4 \ -
S ,f J ) ~aemeT
IS i O /7 ’ ~ 90+ -
23 /" R2=0.9895 ,/ o —B— Method A
2 40- ,/ )% T —A— Method B
/ o 60 —6— Method C
T /Il ° ,/' —— Method D 25°C
20 - /! ol O —®— Method D 50°C
foe 30 Y ~—A&— Method D 70°C
'\\ e . —— Method D 90°C
0 T I T I T I T 0 T I T I T I T
0 20 40 60 80 0 20 40 60 80
dger (NM) dger (NM)

[ % 6 1 wa 1 =3 s %
Awilsznay 3.14 mmauwuﬁszmwauummeaﬂﬂwm@mgmﬂ (@) k NU dge,

(b) Mr 71U dger, (c) Ms 11U dger WAz (d) He U dger B090MALATNDAN IARIATIER

]
=1

10835 D namnnlanaznan 25, 50, 70 uag 90°C

annsRarsanauunilnietusun (Ms) vadauNIALRANaan boa
FANzilay 35 A, B, C uait D ﬁqm%nﬂﬁmnmnau 25, 50, 70 W&z 90°C WUINRA
Wi 63.20, 68.70, 52.20, 11.64, 26.14, 77.45 WAz 70.84 emu/g AINAIAL LEAINS
ﬂ%mmatgmﬂmﬁﬂaaﬂvleﬁﬁl,mﬂﬁ"lmﬁé‘aLmﬁz'ﬂm%% D ﬁqm%gﬁmﬂmﬂau 25  Uaz
50°C fH1Su1méninit A, B, C a3 D ﬁqmugﬁmﬂ@zﬂau 70 U8z 90°C U1N UWAZHA
msﬁﬂmm’]wé’uﬁufs:mwwm@mgmﬂﬁu @1 k @1 Ms @1 Mr tazal He (mMwidsznay
3.14) WU S enuFN RIS duT N AN T anaunus (R) 0.9857, 0.9995, 0.9895

WAT 0.9419 MUSIAL AIBUIIRINTD ERNTALNAENGINETD (A1 k, Ms, Mr Waz@1 He)
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= a A
I@LN%L@ HALRDIYT NI

AN319 3.4 ANUNRD PUIABLAA 61 k LAcRNUATRINDITE maam&mﬂmﬁﬂaan"lsﬁ@?

FIUATTALALIT A, B, C 4azds D ﬁqmwgﬁ@ﬂ@:ﬂau 25, 50, 70 kA 90°C

77 As dger  Oxro k Ms Mr Hc  Mr/Ms
(m’g") (m)  (nm) (uSl)  (emulg) (emulg) (G)
A 104.49 1148 12.70 69986+1333 63.20 240 34.00 0.0387
B 114.22 10.50 12.71 78608+2419 68.70 220 27.60 0.0325
C 106.50 11.26 12.23 113207+2413 52.20 1.30 21.10 0.0258
D 25°C 47.86 25.07 39+1 10159165 11.64 1.28 112.42 0.1102
D 50°C 33.79 35.51 36+3 19412432 26.14 3.72 127.83 0.1425
D 70°C 17.51 68.53 3312 528911469 77.45 15.76 158.03 0.2036
D 90°C 18.47 64.95 3141 437261799 70.84 13.12 14493 0.1852

3.2.8 MIANWANTIIMIRANEATaIE wAnAnandsTiia IRM luuSimly

FUWIULAULARN

PNNMIANBINGANITUNTFANLAIVBIE WULNIRENANA9THA IRM s

v mlRnuwinin (zero field) 2asaumawdnaanladdiamzilasis A, B, C uaz

33 D (Mwisznay 3.15) wui13d D Antaang@isaddimandirananatssia IRM 60

A . . . .. o -1 ' =
11n lasilen Magnetic viscosity coefficient (S) t¥nyU 0.0078 sec UEAIINABNIALAAN

20N MIANRILATIZRLALAT D Hanu o lalunliinanTia SSD 31w InINn Waisuny

3% A, B Lazi% C #93id S ¥iniL 0.0546, 0.0619 Las 0.0493 sec ANEGL FaaAEad

ﬁumm@mgmﬂﬁ%Lﬂi’]:ﬁﬁ’;ﬂLﬂﬂﬁﬂmaa BET Ndlauia 10 D9 12 wluluas n3mis A, B

waz3% C §2uid D Juwalwgiunn fe 60.53 wiluluas
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68.53 nm

Y = A+S*In(X)

—+H&—— Method A

0771 —a— Method B A
—=-6—— Method C 10.50 nm
1 ——&—— Method D 70°C
06 III| T T IIIIIII T T IIIIII|
100 1000 10000
Time (sec)

AMWLIENaY 3.15 ANNRNARTIZAI NN ANITUNIRANLAIVBISNWILURANANAITRA
IRM luvdnalSswwiminiunm vesaumeamanesnloddsazilasiT A, B, C

LazAd D ﬁqmwnﬂﬁmnmnau 70°C

' o ' I3 [ Aa { Y 2 a £ v ) 2
A1379 3.5 AEIUILILAANANAITRA IRM  NRANDAILAZANTNY TZFNTIRTNNUT (R))
°11aaamg,mﬂL%ﬁﬂaaﬂ"lsnﬁé'al,ﬂﬁzﬂﬂﬁ% A, B, C L8231 D ﬁqmunﬁﬁmnmnau 70°C

4% viscosity coefficient (S) | &uUszENDERENRLE (R))
(sec’)
A 0.0546 0.9982
B 0.0619 0.9945
0.0493 0.9983
D (70°C) 0.0078 0.9895

9} ') 1 1 73
3.3 WaMIFILATITRIAIINARd-uAusImanI T
a ~ a ad & @ & = & \ aa a
LauaLﬂim_lmﬂmﬁLLawumauaamewagmﬂmanaaﬂ%@ WU3N3T C &
ﬂ’nmjamﬂﬁffu%auu’mﬂiﬁ% A, B 18237 D 39RNTLRaN D A, B 833 D lawizh

AMWANNANAZNAK 70°C &9 Lmﬂ:ﬁi’a@p”mmaﬁ-amgmmﬁmﬁnmiu

9 U
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[ (Y 1 4 1 [
3.4 Naﬂ']sﬁﬂﬂ']aﬂﬂm3tﬂﬂ'w?lB\'i')ﬁ@!i')“Lﬂa ﬂ-a%mmm L‘Haﬂ%’]f%

3.4.1 ® LASEDIULVDIANT

s 6 ' 4 ' < ad
"ﬂ'lﬂNaﬂ’ﬁﬁ\‘iLﬂi?zﬁ?ﬁ@ﬁ’]&lmﬂU-ﬂ%ﬂ’]ﬂLLﬂJLﬁﬂﬂu’]‘[%‘[@U’)ﬁA, B 8z

=

D (nmwisznay 3.16) wuiimgiunsuanzilatansuniuns f1a97a9imis B

°

3
a @ a P &, i ad aa A Ao ! & & a
AFALVY (aﬂjadLL&lﬂulel@l) UINNINID A LaZIDT D LUANATIRIVNINYDILARININYUILN
r=|

3

r=|

&l
4 A & & @ A = a

s FvasuunTlud) iinunniu laodusaauluid D 11nni13T A wads B 1Iuld
v ad Aad A ed a £ a A & & a & a 9

169197 A uaz33 B uunibndniatuinieandladnaruiduwuundlud wasiuuwiliy

a L t:il ‘3’ Qs 1 1 a { 1 U
NNT2aNTLATWANL AN DA TIEIUVAILARY WIDNRITLNRANTRADUIING L

» damdmiaagd : aunananaan lod
ek
1:1 1.5:1 2:1 2.5:1
A
B
D

> l

nMwdsznay 3.16 %maai’aqiwmaﬁ-amgmﬂuﬂmﬁﬂuﬂu ﬁamﬂmumaﬁ@iamgmﬂ

wanean lraane g Faazilasds A, B uazis D

3.4.2 mAAenzlasainanlaglfinafaniiaeunsIRand
Namﬁme:ﬂmaa%ﬁwﬁﬂﬁasJmﬂﬁﬂmitamwu%'a%l,aﬂ%"uaﬁa@ﬁm
& ) = AV e o ' & 1 = &
Lﬂas-mgmmmmaﬂmiu ﬂsmvl,uwaumama@mmumamaagmﬂmaﬂaaﬂ%@ 0:1
LLa:é'mnmumas‘]’@iamql,mﬂl,%ﬁnaaﬂ"lsﬁﬁ 1:1 FIANZALALAT A (MWUsznay 3.17) wu
JUuuy XRD 289m0ad  uazuauduaIalalud(Montmorillonite) Taiduasdilsznaunan

Y &

& a & A . o ) & =
vaaaad (Imdouuulnlud) Alfidusunauluizgihuead-aunmaudininunlu
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M Mh = Maghemite
Mn = Magnetite
M = Montmorillonite

Q = Quartz

Mh/Mn

Intensity (a.u.)

Q (b)

20 (deg)

Awisenau 3.17 31]LLiLliLlﬂ’]iLaEl’JLU%%&%LE]T]‘I??Ja\‘iE]‘L!,ﬂ’lﬂmaﬂaaﬂvlsﬁﬁgdmi’}tﬁi@ﬂes% A
(a) natlinauiaad uaz (b) dandniaaddasuniananaanlad 1:1

3.4.3 mylenzimdinuasuininluizgi

HANIATIAIAAN k B9TE TNl 3.6 wudriagwnfianzilay

7% A B uaz3% D {6 k aad1a99 N6 k vataymausimanuluuigns (0:1) lasianie
aa A o | < | & o ed a A
1433 D Adaadiasatresiaiuas laiiduldaugaaiuranadNian hasannawes
nauMamanaanladizwalng (68.53 wilwwas) ldswnounsnidrlludie
[y i 4 ' wa ' Y] o {

wadldidun Didsnadesuifnnauingn sniiwinzamannaugumIFaNziiieaa

=3 v &
mu’mmgmﬂmanaaﬂvlsmﬁlmaﬂaa

o

@139 3.6 @hamw%'u"lﬂﬁmdLL;\imﬁﬂmaﬁa@ﬁwLﬂaﬁ-aygmﬂLL&imﬁﬂqu NOAINFIN

inaddaaunamaneanlodensg fuamzilasds A, B uazis D

gnwsu B lansudinan msi)

D
AL

damdmiaagd : aunananaan lod
0:1 1:1 1.5:1 2:1 2.5:1
A | 69.8611.33 | 47.24+1.64 | 38.50+£0.75 | 33.121+0.27 | 27.881£0.25
78.60+2.41 | 40.07+£0.34 | 34.07+0.51 | 30.131£0.58 | 29.00+0.16

D | 52.89+1.47 | 15.58+0.07 | 14.18+0.53 | 12.15+0.90 | 6.98+0.49
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(2

3.4.4 MO (ﬁ'uﬁﬁaﬁ‘hwazLLazﬂ'ﬁquLm@"l,aaauﬁLLamﬂﬁﬂu"lé’I@ﬂfmﬂﬁﬂ
msgwﬁmwﬁﬁuug

a 6 :"24 dln o 1 t:ll t:ll (2

nnmadanzsimisiiiiimnzussdinnuguaalosaufiuanidaould

o A o A ! & &, a £a
laslfinaianisgaduiniiauug wuduaad (uulnlud) U3gnla1  Methylene blue

. e @ 2

index Wae Specific surface area \YinNU 72.5010.71 meq/100g W& 567.39 +5.53 m/g

audey WanlIuuisunuen Specific surface area Waz Methylene blue index 28974

i e3oulasiT A waAT B (0194 3.7) wuddszaninwlunisgady  Methylene

% o o 1 6 A A a 6 ; a A

blue uiliiulasassiudanauvediaad fa alSunaaadgsludzininwluniige
) aa A £ a L& A A ) aa
uwiiuuganfingidu Banaeymawiminmluinauaglsnlunsgaduniidnog

ol lﬁ! g 6 & = L% A
NN TININURN N'ﬁﬂluﬂﬂig]@‘]j‘ﬂ"llE’NLﬂﬂElLﬂ%Nﬂ%Wﬂﬂﬂi&lﬂitﬁ]‘ﬂUIRIﬂid HINJLRZA

[ '
=) a A

NUNRF ﬁﬂﬁmming}@a@ﬂ%aﬁmm:"[aaaumn‘ﬁag’lu%saa%wauuﬁﬁuug}
(CieHisNsS) Isf wananiignansalddn Methylene blue index Uszanmdn CEC 'l
1{la991nd1 Methylene blue index SANuEuRUEITIFURLN CEC (Yukselen et al.,
2008)

Q/

nndayananiimanad wudasdidudiudsidgnsinadaniigady

A L& A \ a ] A 9y ) ) N =
Lllﬂﬂull@l I@Uﬂ%ﬂ’]ﬂLLNL%aﬂuaqu"ﬁqULWN%QGQ’N%?@EWE?&%T‘]UL@Qﬂu?ﬁ@!i?u ‘u'l HEN]

ﬁmsmﬂﬁﬁﬁmﬁmluﬁ% D U13LATITANWNRITUNZUAZAN CEC

@139 3.7 @1 Specific surface area ez Methylene blue index maﬁa@;immaﬁ-mgmﬂ

= A o ' & = & Y ad aa
LL;JLVIaﬂu'TIu 7]a@l‘i’]aqul,ﬂﬂﬂ@aa%ﬂ']ﬂl,ﬂﬂﬂaaﬂvl’sﬁ@]@nd 9 adLﬂi’]zﬁIﬂU’Jﬁ A LLRzID B

. ATA 5B
2AINRIN
MBI ) )
S (m/g) MBI (meq/100g) S (m /g)
(meqg/100g)
0:1 3.300.14 25.83+1.11 4.90+0.14 38.35:1.11
1:1 38.50+0.71 | 301.30+5.53 | 38.50+0.71 | 301.30%5.53
1.5:1 50.50£0.71 | 395.21#5.53 |  48.00£0.00 | 375.65+0.00
2:1 58.50+0.71 | 457.82#5.53 | 52.50+0.71 | 410.87+5.53
2.5:1 63.50+0.71 | 496.95+5.53 | 56.50+0.71 | 442.17+5.53
wilnlud MBI = 72.50£0.71 meq/100g; S = 567.39+5.53 m’/g




49

35 Namiﬁﬁa@iwLﬂaﬁ-a%mﬂLLaJ'mﬁﬂmiuﬂi:qﬂ@lﬁlﬁﬂufa%@%ﬂam%ﬁfﬂ Cu,Ni,
Pb, Zn uaz Cd ludasdfians

3.5.1 L’;m‘ﬁmm:awlumsgm%’waai’aqgm%’u

LA AINNUUA aumimaauﬂ*sz%‘n%mwmi@@%’uiamﬂﬁnﬁﬁa ws3wan

on o R o 9 @ o ! & & & @
ENI Hj'ﬂ]ﬂﬁ]\‘]aqﬂﬂfﬂaﬂaﬁ]’]ﬂ“ﬂﬂ’]iﬂ@aaﬂluma 3.54 GNS:lql’J’lmailLquﬂvLu@Lﬂu@nLLﬂi

=)

fanNdinadanlszdninmngady asudadenlfiamziaadiuulnlud nasey
mnnfmanzaulunsgeadurasizghaaad-aumeaudmanuly lasdnsnsgadu
lang Zn uaz Cd NANNDNTYU 4000 pg/g wudwanimanzanlunisgaduaglugag 10

89 15 w17 waztuaniwll 30 w1f L‘%uﬁmimw%aﬂ&iamnsﬁgwﬁu"ﬁaaﬂm
(mMwusznay 3.18)

——— Zn solution
—&—— (Cd solution

Concentration (ug/L)

T 17 T 17 " T
0 30 60 90 120 150 180 210

Time (min)

nmwisznay 3.18 aAnududuassIazaslanzninuIasgIn Zn uaz Cd NULIAT WaY
o @ = £ A a '
gﬂ@mummﬂaﬁLquﬂ"lu@qumﬁnm@@qm@m6]

3.5.2 dszaninwmigadulansminluiesd fuans
nnwanInasaudszaninwlunmigedulanswin Cu, Ni, Pb, Zn uaz
cd luieasdidn1s (11319 3.8 uazmiwdsznay 3.19) wuhdanauniaaddaaynia
wAanaan loe 1.5:1 maa‘i’aqs’mﬁé’ams:ﬂ@ﬁ% A uag3d D Lﬂué'mwmuﬁaﬁq@lumi

mmﬁmﬂui’aeﬁwLLaziﬁLﬂuﬁagﬂsﬁ'u Cu Ni U8z Zn I@U’Tﬁ@ﬁmﬁ&mmwzﬂm%% AR
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anuglumigadulanswin Cu uaz Ni §98a 9218 uaz 18062 pg/g MNEIGU LA IR
MunFueNilasids b Ianwglumigadulanswin Zn gaga 10935 pg/g &I IFGIIW
aa A v A X [ \ & a o
3T B wuidum st naudanaiuvedaad lagianiznidiuadlanzuin Cd
uaz Pb wiazlianuglunisgaduannninit A uaz A5 D widaaiidndinitizggady

a € A £ o !
@%Lﬂaﬂﬂiq‘ﬂﬁ (8998I 1:0)

2000 15000

—F— Method A @ —F— Method A (b)
1 —=&— Method B —2A— Method B
1600 — —&— Method D 12000 - —#&—— Method D

9000 —

6000 —

3000

Adsorption capacity Cd (ug/g)
Adsorption capacity Zn (ug/g)

0 — T 0 — T 7T T
0 0.5 1 15 2 25 3 0 05 1 15 2 25 3
Clay ratio Clay ratio
12000 21000
—FH— Method A (C) 4 —H— Method A (d)

S 4 —&— Method B S 18000 —&— Method B
> —&— Method D > | —&— Method D
= > 15000
> — —
O i ]
>
£ S 12000
< ©
g g i
O 2 9000
S S .
— -
a 2 6000
[
o 2 4
8 o
< < 3000 5

2

T O T I T I T I T I T I T

15 2 25 3

o
o
wn
=

0 05 1 15 2 25 3
Clay ratio Clay ratio

mwisznay 3.19 anudunuiiznivanualunsgadulanzniin (@) Cd, (b) 2zn,

% 1

(c) Cu, (d) Ni uaz (e) Pb 283789 ImfIla3uaan 35 A, B uazAT D Ndansiuaadee
6

aunaLnanaan g g



2100

,_\
©
<]
S
]

H
a
=}
S
]

Adsorption capacity Pb (ug/g)

1200

900 —

600 4

300 —

—+H&— Method A
——2#— Method B
—&— Method D

()

15

Clay ratio
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mwisznay 3.19 (sia) mmé’uﬁ'ufszmwmwmﬂumi@@%ﬂam%ﬁﬂ (a) Cd, (b) Zn,

(c) Cu, (d) Ni Uaz (e) Pb 289I7QIINNLGATHNIN AT A, B uaz D Ndandmiaatise

mgmﬂmﬁﬂaaﬂ"l,sﬁﬁsme]

A1319 3.8 mmqlumsgmsﬁ'ﬂamﬂﬁfﬂ Cd, Zn, Cu, Ni ka2 Pb maﬁa@ﬁ'smﬂaﬁ-m&ﬂm

' (<3 Ao ' 6 1 <3 6 1 g ad ad
LLSJL‘V\ﬂﬂ%’]I%Vla(ﬂiﬁﬁ?%maU@l@ﬂi&ﬂ?ﬂL%ﬂﬂaaﬂvLGﬁ@@ﬂ{]‘] ﬁx‘]Lﬂi’]ZﬁI@UTﬁ A, B a9 D

_ anuglumIgadurasmIeTuadIBis A (uglg)
Ia:;:]ﬁfﬂ danamaad : aunaninaan o
1:0 0:1 1:1 1.5:1 2:1 2.5:1
Cd 2757 86 1082 1360 | 1577 | 1473
Zn 7958 2648 3068 3075 | 2813 | 3308
Cu 9248 450 3015 9218 | 4658 | 5693
Ni 10170 | 10155 | 14606 | 18062 | 15366 | 11055
Pb 2707 782 1271 1515 | 1424 | 1262




a4 3.8 (da) anuglunisgadulanzwin Cd, Zn, Cu, Ni uaz Pb 283789 TINIARE-
aumawiminilundandimaaddeaymaminaanladdni g fianzilasit A, B

LazAd D

_ anNalumIaeTuvaIanIaseNaI83T B (ug/g)
TUA — = =
. AATEIWLARE : aUNIALRANDAN b6

Tavznin 3

1:0 0:1 1:1 1.5:1 2:1 2.5:1

Cd 2757 17 1273 1451 1470 | 1495

Zn 7958 2498 | 3000 3555 3548 | 3600

Cu 9248 255 3720 4313 | 4628 | 5100

Ni 10170 | 2280 | 5783 6518 7028 | 7403

Pb 2707 406 1451 1586 1574 | 1595

_ anNalumIaaTuvaIaNTLaTaNMIEAT D (ug/g)
TUG T = - =
. AATIEIWLARE : aUNIALRANDAN b6

Tavznin 3

1:0 0:1 1:1 1.5:1 2:1 2.5:1

Cd 2757 218 967 1348 1239 | 1509

Zn 7958 2738 | 5993 | 10935 | 7613 | 7860

Cu 9248 128 2573 | 4838 3848 | 5363

Ni 10170 | 1463 | 8370 | 10125 | 9053 | 9435

Pb 2707 618 836 1072 988 1049

3.5.3 mamw%‘u"l,i”lﬁmaLL&]L%ﬁﬂmadi‘a@m@%ﬂ%é‘amig@sﬁ‘u

52

Nam‘mauaummaLL&imﬁﬂ"uaai’a@p'aummé’m@%’uhm%ﬁn Cd, Zn,

Cu Ni uaz Pb Anwlasn13aaiaiadi k 109389 TundanIgady (@19147 3.9) wui

) . Ao ad A & A A & & oa X o .
qa@liqwﬂaﬂLﬂi'—]zﬁI@U'ﬁﬁ A Uk gd”ﬂ% (ﬂaﬂJﬂ’JqNLﬂuLLNL%aﬂLWﬂJTuﬂ%nﬂa@]iqaau

1 1 nl ‘3’ g IQ/ 1 [ 1
maﬁmaamgmﬂmgﬂaaﬂvlsﬁﬁ LA ANNIUTALIUNDATIEIW 1:1 ez 1.5:1 LL@]?&@JS?&II%

75 B dldn k dndn A1 k (U (@1979 3.6 UATANT9 3.9) LazdnINIRgIINNFIATIZA

Aa = & o a . . o o o
I@]ﬂ’)gﬁ‘A ‘IT{'lﬁ’]L%@JSJ’]?]’]ﬂﬁ’]i@]d@]%Lﬂ@ﬂ’]i Oxidation I@UL%‘W'R FeCl,*4H,0 ﬁ’l‘ﬁi‘U’]'ﬁ@l

T3lu3% D wudmé’amsgm%’u @1 k maﬁa@;imﬁmsmﬁwuﬂmsﬁmn 189970

a‘tj;ﬂ’mL‘Mﬁﬂaaﬂv[,‘]j(ﬂ{ﬁLﬂ%’?ﬁ@;ﬁ’lNﬁI@LN%Lszmgﬂ“ljﬁ@ SSD  WWMstURswLLaIAT k

srulngilunannamainsuuazanuidudusasaymauiingn



53

01719 3.9 Manwiulldnmawimin mendinmigadulanswin Cd, zn, Cu, Ni uaz
Pb 28978qIuAaE-auMAumANI LY Ndanauwaaddoaynamanaan loden g
fIATTALALAT A, B uazAT D

2AIHIW DA
\Aad : ayna i1 k (MSI) @1 k (MSI) %é’amsgw%ﬂam

wanaanlod | deunisgady | Cd Zn Cu Ni Pb

_ 50.03 54.10 | 53.61 | 53.41 | 51.64 | 54.23

o +0.27 +0.00 | +0.06 | +0.09 | +0.01 | +0.08

_ 4373 47.36 | 46.76 | 46.97 | 47.64 | 48.48

b +0.03 +0.01 | +0.05 | +0.12 | +0.08 | +0.01

_ 34.74 48.75 | 42.89 | 42.64 | 42.66 | 40.79

1o +0.05 +0.02 | 0.02 | +0.01 | +0.06 | +0.02

_ 31.17 33.52 | 32.79 | 32.48 | 34.22 | 33.54

2 +0.01 +0.01 | +0.05 | +0.08 | +0.06 | +0.02

_ 24.60 27.30 | 27.25 | 27.78 | 29.63 | 26.97

25 +0.01 +0.01 | £0.02 | +0.01 | +0.01 | +0.02

AT 9B
g : ayna @1 k (MSI) @ k (mSI) %é’amsgw%ﬂam

wanaenlod | deunsgadu | cd Zn Cu Ni Pb
_ 51.92 54.47 | 52.48 | 52.19 | 53.86 | 52.81

o +0.04 +0.08 | +0.10 | +0.03 | +0.04 | +0.08

_ 40.08 4162 | 36.94 | 39.37 | 36.64 | 40.14

1 +0.05 +0.04 | +0.02 | +0.06 | +0.05 | +0.04

. 28.40 29.30 | 30.03 | 26.34 | 28.08 | 31.26

1o +0.01 +0.02 | +0.02 | +0.02 | +0.03 | +0.00

_ 28.64 29.89 | 28.06 | 28.84 | 26.82 | 28.45

2 +0.03 +0.01 | +0.05 | +0.02 | +0.04 | +0.01

_ 26.80 28.89 | 27.12 | 26.93 | 26.94 | 27.35

25 +0.02 +0.02 | +0.04 | +0.01 | +0.03 | +0.04
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719 3.9 (da) dranniulildnudnman mowdinsgadulanzwin Cd, zn, Cu, Ni

ez Pb maﬁa@ﬁwLﬂaﬁ-mgmmmmﬁﬂuﬂu ﬁﬁmﬁmumasT@iamgmﬂm&ﬂaaﬂvLsmT

@199 §9ATzRLlaAT A, B uazis D

20INEI D
\Aad : ayn1e i1 k (mSI) @ k (mSI) %é’amsgw%’uiﬂm
wanaanlod | newnmsgadu | Cd Zn Cu Ni Pb
. 52.89 49.470 | 50.17 | 50.07 | 48.94 | 52.027
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3. WAa Vibrating Sample magnetometer (VSM)
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2) Simultaneous ICP-OES
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2835015209 BET (Specific surface area analysis
by BET method)
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Y =a+bX (3)
Tagi
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lusmzfian vidudildaniades ﬁaﬁ?mﬁaﬁﬂ‘*ﬁayaim%UuﬂmWizv\iN P/P,
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Remanent Magnetization Characteristics of Synthetic Magnetic Nanoparticles

=t

Y 38 %8 (Nucharee Chomchoey) * A3, lninw rio g 333 (Dr. Tripob Bhongsuwan) **

ag il ﬁimq 1330 (Darunee Bhongsuwan) *#*

unfnge

duanzioumaninianuiluain 3 35 TAud msanazneuswesdisazate Feso, AU FeCl, (15 A) n13
ANAZNDUSINYBIN3AZA18 FeCl, 11 FeCl, (3F B) uaz nszuauns lva-wa (35 0 nnsanmsu 13l
mfl,wﬁﬂgaﬁumaaﬁﬁwu’hqmmgﬁ a00°c Wugaiglifivinzaudmiunsdunnsidionszuiunts lvaaa
dnyazimmzmasividnas naovu Tasms Jadaamiv B dmasiman nsfnmaudddamei Fawimdn
Manieniwazmsandediunudidnanderiale lumasia @RV uazyiamoiia (TRM) nuhd
qungitesmsuimanidansisinnia 3 35 uansaudaveslanmimanms wieadudmlng Tael
Taudenades naudndas asudmdnfidansizidenszuiuns lva-nais Hdaduwasoyaamdn

= ' s LY A '
FITIEIIALINNIIMTTIUATIZHAWITMIANAZNONTIY

ABSTRACT

Magnetic nanoparticles were synthesized by three methods, namely, precipitation of ferrous sulfate/ferric chloride
solution (Method A), precipitation of ferrous/ferric chloride solution (Method B), and sol-gel process (Method C).
The magnetic susceptibility of synthetic particles prepared by sol-gel process showed that the annealing temperature
of 400°C was the optimum. Characterizations of the synthetic magnetic nanoparticles by using the measurement of
the initial magnetic susceptibility, magnetic hysteresis, acquisition of the isothermal remanent magnetization (IRM)
and thermoremanent magnetization (TRM), AF and thermal demagnetization of TRM and IRM showed that at room
temperature, the synthetic magnetic nanoparticles prepared from the three methods were in the range of unstable
single domain state or superparamagnetic with small amount of the stable single domain particles. The magnetic
nanoparticles prepared by the sol-gel gave a higher proportion of superparamagnetic particles than those from co-

precipitation routes.

Mgy : dnnusisananie Fames Fauinan winidnmnibeena

Key Words : Remanent magnetization, Magnetic hysteresis, Superparamagnetic
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ANHUZIRWIZA U TN IRANANANUBIAYNA
uata N IudatAIZw
Remanent Magnetization Characteristics of

Synthetic Magnetic Nanoparticles

“lé";ﬁ'ﬁ #wHL7e (Nucharee Chomchoey) * 03. lasnw ti’élﬁi!’.l‘i'im (Dr. Tripob Bhongsuwan) **
G’I‘giﬁ sing’rs'sm ( Darunee Bhongsuwan) ***

Qs L]
Unecaa
dquangiaumawivianinluan 3 35 laud msanaznausimmesansazata FeSO, MU FeCl,
(3% A) MIANAENBUINYDIETATANY FeCl, AU FeCl, (3% B) war nszuumslra-aa (35 C) an
' a W ' & ' = " wgadh o a
mamwsulilamausimanaiduyssanswuiiaungil 400 "C (Wuamwgiiitmainzandmsu
MSFUATLHMIEATZUIUNMSTIBA-198 ansnzan smaianasiadaulaaniniaemamnsulile
v = e o o v = a @ a v @ a
MauNtuan mMsanuduiaddwaIsaunuan nswmileninuasnisaua e NALIMANAN AT e
a = a v - v P & i
lalsnesia (IRM) wazgiiawmadia (TRM) wuliaumgivesasiimanidansiainm 3 38
[ T & & 1l ' = - = o @ 1 d
wassan Udraslawuwl manwnaenadivdiulve Tesiilowwasaiasusudnias aswivan
- oy v - " ar
Aduanzvdanszuumslya-walsiidadivassaumawiivanmnieeaninnmsdiansi

MEABNSANALNBUTIN

ABSTRACT

Magnetic nanoparticles were synthesized by three methods, namely, precipitation of ferrous
sulfate /ferric chloride solution (Method A), precipitation of ferrous/ferric chloride solution (Method B),
and sol-gel process (Method C). The magnetic susceptibility of synthetic particles prepared by sol-gel
process showed that the annealing temperature of 400°C was the optimum. Characterizations of the
synthetic magnetic nanoparticles by using the measurement of the initial magnetic susceptibility,
magnetic hysteresis, acquisition of the isothermal remanent magnetization (IRM) and thermoremanent
magnetization (TRM), AF and thermal demagnetization of TRM and IRM showed that at room

temperature, the synthetic magnetic nanoparticles prepared from the three methods were in the range of

* wmUnda vangaTingimaasumvaiia aniniand ausinamaas uningasasauaIuny
#* spemannnsd mainidand aurinemaas umingnagaaiuaiund
#44 g aan TN vangasiaamans ansInenmant umingasaisarunIuny
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unstable single domain state or superparamagnetic with small amount of the stable single domain

particles. The magnetic nanoparticles prepared by the sol-gel gave a higher proportion of superparamagnetic

particles than those from co- precipitation routes.

Maa
Key Words
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aunsniuazidmsy
MdTeilEdeulylumsdaeszd 3 58 de

96 A 92818 14 mmol FeSO+7H O
iay 28 mmol FeCl;GHQO ‘luﬁymé"u 400 ml
wae 5M NaOH U53165 100 ml (0.05 ml/s)
(pH 13) qmwgﬁ’lumamnmnamﬁwﬁ’u 70°C
mnsneasdlusgmiuananvall  nIUHEN
aehadandND (450 rpm) 1aznaui laaInsa
MENsEaNENIe anenethnar wazauwialy

14 = - o I &
dauhaomail 80°C Wuna 3 1lua

35 B vnmsneasdluanuns@;mnu 35 A
weld ferrous iron @ FeClQ-ﬁlHQO LNy
FeSO «7H O lagld 0.01mol FeCl «4H O
Uaz 0.02 mol FeCl +6H O uansmae

35 C (Sol-gel process) azany Fe(NOa)3
0.2 mol lu ethylene glycol 100 ml ﬁqm%qﬁ
40°C Whuna 2 Hlas munanaussazae
duila@entu (sol) YSuammgiiilu 8o
waannasilasugonsdu gel hllauwialu
dauiinomail 120°C fluna 4 Hlue s
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MsItATIEVlasIdsaHanuasa
Uaawluaasdnmlagldiaias X-ry diffraction
(XRD, Rigaku, D/Max-RA, Japan) #UQWAN
(crystallite size) uazpnaaumadnuloylyis
X-ray line broadening TIUNUNALAYDI Brunaver-
Emmett-Teller : BET (Coulter, SA3100, USA)
Aadn U@ sl iandnwlogiznism
Fawosdauaivanely  Vibrating Sample
Magnetometer (VSM, Lakeshore, 7400, USA)
Tosvhmsiafinnupiies Jacmamniulildma
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wimdneady (A k) daeissiaanmiulile
MAUHNan Spinning Kappabridge (KLY-38S,
AGICO, Czech Republic) #aiianuhluszau
10 s1 wazlftadasSauuniilnwduanda
(WUU Spinner magnetometer (JR-6, AGICO,
Czech Republic) Tumstnileninemaudivin
anegiielelunesia (IRM) wazaiainesya
(TRM) N158U8NNUIUNLUANANAIAN
Tagldia%savdnsmaudmanandasiiald
AMNSDU (Magnetic measurement, MMTD 18,
UK) $ufuieiasaudrsernawiminands
FeauINuNManday (Molspin, AC Shielded

demagnetizer, UK)
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AUYBIANINFUATIZNNSTE A I6 B uazis C
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i - PR =
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W ol = o s o &
dasndauniamunil 400°C un aauulu
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a T
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HA..-3 . Ly e 1=
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2. HANTIATILARLATIASIIHANMENATA XRD

Han1sItasIEiale XRD wWudaIs
wimEndessianm 3 5% ugmuuuativ
XRD 484 magnetite (Fe304) (PDF #019-0629)
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(3UA 1) Aidaudauians wiamniiuaiiudu
filulsuanies auldavsouaasnuuativ
XRD vasansuaiuiuld viaanafuasauid
wuuatiy XRD Ad8fuses magnetite 1ila921n
MFIATEHLANENIHANAIENAiA XRD 819l
Fasnednldaansadenziusnarsisiuuuaty
XRD widiounule @y nsalasulmanuuniilng
(magnetite, Fe304) wazuynd lad (maghemite,
y-Fe,0)) (Wudu (Lv et al., 2008) ad1als
RaNasusmanne 2 #iie erainsIniy
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26(deg)

w ar &
KUURUU XRD dUnasunistaeiiuy
Y959 F e nFreIasuHl MandaLAsIEH
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NndayaiaILaaILuUaly XRD
ap9Esud mEndaesizianm 3 5@anse
MUIUMIYUINHEAN (crystallite size) loald
dUNISVDILTDS1595 (Scherrer’s equation)
Tuaumsi (1) 9285 X-ray line broadening
(Sun et al., 2007)

104

51

KA
d ypp = ——— (1)
Bcos 0,
d
Toeh
- ) . P
ey 0D crystallite size NOIUIUAIN XRL
(nTuwns)
- el o ' = =
K AL PN UUNUY m@mazgﬂ‘m’um LA AT
(K~ 0.90)
= L‘] @ ey n’:; @ = =
~ e ﬂ'J'WJEI"I'JﬂﬂWLI'fN’i\‘IﬁLﬂﬂ‘EIﬂ‘L’H (ﬂﬁﬂﬂ

@@ Cu, K, i1 0.154059 nlunns
B Ao full width at half maximum (FWHM'
) =
LUHBNAINY IO YBNHG D
= ES’
85 30 HNﬂ"I‘ﬁLaﬂ']LUu

i 1} 5 el = =1
‘I"vl‘l.l'J'Tﬂ"IﬁLL‘JJL‘P‘igﬂﬁﬂﬂﬂﬁ 3 70 HUUIOHAr

td =4 Yo ar =9
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3% B uaz 35 € dwgdnssuiiluaswaivanuuu
asls (ferromagnetic) loadiauunil lnwdu
Budh (Ms) AU 63.2, 68.7 AT 52.2 emu/g
MESeU (05H 1) wiazidimniar Ms
yaauuniilndu3ans (93 emusg) (lida et al.,
2007) lagmairazhauwundludhHuaelums
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BRS1EI NS T I MU T LB UanA
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AMWAUNIMILNLTAN (coercivity, Hc) 789815
dasnzd wuhiimennuaslndidsaiuim 3 53
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(magnetic domain) ¥HALHEINY @D Unstable
Single Domain (USD) w3p fdanianiwuwl
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Stable Single Domain (SSD) (Dunlop et al., 1997)
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30 nm @UP04 SSD aGAUTEANM 50 nm
(Dunlop et al., 1973) é’qﬁuﬁqa‘gﬂlﬁiﬂmi
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WuhEsulmEN eIz 3 33 udna
anuiluaswiwansiiomasls siiasau (soft)

105

M3a157398 ¥, (UA.) 9 (1) : H.A. - .. 2552

asanansomilenih IRM audedduen
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Tagaaiivnadiuiieniseandledvasunniilng
- v a
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= = ' T vl
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6. MIAVANNWIIUNKHANANAITUA IRM
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#131508U8 1 IRM 2a9asuimanadaaey
N33 A, B uar C Idiiausanae (;sﬂ*ﬁl 6)
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Magnetic Properties of Magnetite Nanoparticles Synthesized

by OxidativeAlkaline Hydrolysis of the Iron Powder

Nucharee Chomchoey 1’3, Darunee Bhongsuwan 2, Tripob Bhongsuwan3‘*

ABSTRACT

The black MNPs of magnetite (Fe,0,) were synthesized by oxidative alkaline hydrolysis of the
atomized iron powder precursor. The synthesized particles prepared at different precipitation
temperatures are characterized using X-ray powder diffraction (XRD), Brunauer—-Emmett-Teller (BET),
transmission electron microscopy (TEM). Their magnetic properties are examined using a vibrating
sample magnetometer (VSM), measurement of the initial magnetic susceptibility, acquisition of the
isothermal remanent magnetization (IRM) and AF demagnetization of the acquired IRM. The results
showed that the sizes of MNPs depended upon the precipitation temperature, which affected the
magnetic susceptibility, magnetic hysteresis properties and remanance properties of the synthesized
MNPs. The maximum grain size, magnetic susceptibility and magnetic hysteresis properties were
obtained from the MNPs synthesized at precipitation temperature 70°C. The MNPs prepared by this
method exhibit cubo-octahedral structure with the average particle sizes of 25 - 70 nm. Room
temperature magnetic hysteresis properties confirmed the ferromagnetic behavior of stable single
domain particles with saturation magnetizations of 11.64 - 77.45 emu/g, remanent magnetization of 1.28

- 15.769 emu/g, and coercivity of 112.42 - 158.03 G.

Keyword : cubo-octahedral, magnetite, remanent magnetization, hysteresis properties, single domain.
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INTRODUCTION
Magnetic nanoparticles (MNPs) have attracted much interest in their applications in various
fields not only in the field of medical care such as drug delivery, magnetic hyperthermia and magnetic
resonance imaging (Gupta et al., 2004; Yu et al., 2008; Kallumadil et al., 2009) but also in the
environment protection (Oliveira et al., 2002; Wu et al., 2005). The MNPs have widely been used as a

magnetic recording material.

For such practical uses of the MNPs, particle sizes, magnetic properties, and surface properties
of the nanoparticles are of great importance. These properties are reported to be influenced by the
method of synthesis employed. MNPs have been prepared by various methods. Most studies were
focused on the preparation of very small nano-size iron oxide particles with superparamagnetic (SPM)
properties. In general, nanoparticles of iron oxides such as Fe,O, and y-Fe,O, with the diameter in the
range of 2 to 20 nm are prepared by the common co-precipitation of ferrous and ferric ions at the ratio
of 1 : 2 in an alkaline medium (Sun. ef al., 2004; Dutz et al., 2007; Miirbe et al., 2008; Chomchoey et
al., 2009). Recently, sol-gel method has been developed for preparation of MNPs because of their good
homogeneity and high purity (Chomchoey et al., 2009). However, phase transformation in sol-gel
method needs a vacuum oven that is not available in many laboratories and makes the method
complicated and expensive for MNPs production.

In this paper we report a detailed investigation on the synthesis of Fe,O, nanoparticles by
oxidative alkaline hydrolysis of the iron powder, characterization and magnetic properties of Fe O,
particles of the single domain size ranges which are favorable for environment applications because of

their high stability.

MATERIALS AND METHODS

Preparation of Ferrous precursor

A 12M HCI (analytical reagent) 100 ml was added into 20 g of iron powder AHC 100.29
contained in a 600 ml beaker. The mixture solution was heated on a hot plate until becoming turbid
solution. The turbid mixture was further heated until it was dried. The obtained muddy solid was called

the ferrous precursor and then used as the starting material to synthesize the MNPs.
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Preparation of the MNPs

The MNPs were prepared by dissolving ferrous precursor 10 g in 300 ml distilled water. This
starting clear solution was heated and controlled at 25°C until the end of process. A 0.5 mol NaOH and
oxidizing agent were dissolved in 100 ml distilled water and the mixed solution was added drop-wise
into the previous solution with the rate of 2.5 ml min” and continuing stirred at 350 rpm until the pH of
the solution raise to 13. The color of solution turned to black indicating the MNPs precipitates formed.
The precipitates were filtered, rinsed with 500 ml distilled water, collected and then dried in an oven at
80°C for 3 hr in air. Similar processes were performed at various starting solution temperatures of 50, 70

and 90°C, respectively.

Characterization
The crystallographic structure of the as-synthesized MNPs was characterized by high
resolution powder X-ray diffraction (XRD, D/Max-RA, Rigaku, Japan) analysis. The crystallite size was

calculated from the XRD pattern using the Scherrer equation (Sun et al., 2004)

KA

=— (D
Bcosé

d XRD

The equation uses the reference peak width at angle 6, where A is the X-ray wavelength (1.54059 A), B
is the width of the XRD peak at half height and K is a shape factor, about 0.90 for magnetite and
maghemite. The specific surface area of the powders was determined by the Brunauer—-Emmett—Teller
method (BET) (Coulter SA3100, USA). A mean particle size was estimated using the following

equation:

6
Oger =—— 2
BET PAS

Where p is the density and 4s is the specific surface area of the powders (Dutz ef al., 2007; Miirbe ef
al., 2008). The surface morphology and grain size of the powders was observed by Transmission

electron microscopy (TEM, JEOL 2010, 200 kV, Japan)

Several magnetic properties of the synthesized MNPs were examined. The magnetic
susceptibility of the MNPs was measured using a Spinning Kappabridge (KLY-3S, AGICO, Czech
Republic) and Magnetic hysteresis properties at room temperature were measured using a vibrating

sample magnetometer (VSM, Lakeshore 7400) with the inducing field sweeping from -10 to 10 kG. The
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isothermal remanent magnetization (IRM) was progressively stepwise induced with a strong magnetic
field of 0 — 1 Tesla and was measured at each inducing step using a spinner magnetometer (JR-6,
AGICO, Czech Republic). The IRM acquisition curve of the MNPs can be useful to distinguish among
(1) superparamagnetic (SPM), single-domain (SD) or multi-domain (MD) magnetic grains, and (2) the
low and high coercivity magnetic components. For example, the IRM of a low coercivity magnetite
(Fe,0,) reached the saturation at a low inducing field of 30 mT whereas the IRM of a high coercivity
hematite (0t-Fe,0,) and goethite (0.-FeOOH) did not saturate even at a high field of 1 T. The alternating
filed (AF) demagnetization tests of IRM of the MNP samples were performed using an AF
Demagnetiser (Molspin, AC Shielded demagnetizer, UK). The AF demagnetization curve can be used to
distinguish a high coercivity phase (i.e. hematite, goethite) that shall be co-precipitated with the low

coercivity magnetite nano-particles if the preparation conditions are not appropriate.

RESULTS AND DISCUSSIONS

Phase study and morphology

The X-ray diffraction patterns of all the samples synthesized at different precipitation
temperatures are shown in Figure 1. All diffraction peaks of particles synthesized at temperature of 70
and 90°C were indexed in the cubic spinel structure (space group Fd3m, 227) for magnetite (Fe,0,)
(PDF no. 19-0629) and no additional reflections were observed. Whereas the samples synthesized at
temperature of 25 and 50°C were indexed in the cubic spinel structure for magnetite (Fe,0,) mixed with
the Orthorhombic structure for goethite (0t-FeOOH) (PDF no. 29-0713). However, it is noted that

goethite peaks were disappeared at higher precipitation temperatures.
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Figure 1 XRD patterns of MNPs precipitated at 25, 50, 70 and 90°C.

This MNPs production reaction is an alkalization reaction of ferrous ions. The following

reactions for the mechanism of formation of magnetite (Fe,0,) are proposed.

Fe'' +20H — Fe(OH), )
3Fe(OH), + 1120, —> Fe(OH), + 2FeOOH (goethite) + H,O (In)
Fe(OH), + 2FeOOH —> Fe,0, (magnetite) +2H,0 1

Therefore, in the synthesis of Fe,O, with ferrous ions alone, as in our case, Fe,0, is formed as a
result of the dehydration reaction of ferrous hydroxide and ferric oxyhydroxide (goethite, reaction III) in
which the latter compound is produced by the partial oxidation of ferrous hydroxide by O, dissolved in
the solution (reaction II). This mechanism controls the transformation of iron hydroxide phases to the
final phase of magnetite. These alkalization reactions of ferrous ions were extensively studied by Olowe

and Refait (Olowe et al., 1991; Refait et al., 1993).

The morphological properties of the synthesized MNPs at different preparation conditions are

compared in Table 1. The crystallite sizes (d,.,) as calculated with Scherrer’s equation (30-40 nm) are

XRD
not in agreement with those determined by BET method (d,,). This is because at larger crystallite sizes
of multi-layer crystals, the d,, is inaccurate and different from d, with a larger uncertainty. The TEM

micrographs of the synthesized MNPs precipitated at 70°C showed a clear cubo-octahedral morphology
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(Figure 2). At this precipitation temperature, the average size of the MNPs measured from the TEM

image is about 60-70 nm, which is in agreement with those determined from BET technique.

Table 1 The physical properties and magnetic hysteresis properties of the MNPs synthesized at different

precipitation temperatures.

Precip. As dysr dypp k Ms Mr Hc Mr/Ms
Temp. (ng%) (nm) (nm) (uSy (emu/g) (emu/g) (G)

25°C 47.862 25.07 39+l 10159+65 11.640  1.2830 11242 0.1102
50°C 33.796 3551 3643 19412432 26.145  3.7258  127.83  0.1425
70°C 17.510 68.53 332 52891+1469 77.450  15.769  158.03  0.2036

90°C 18475 64.95 31x1 43726799  70.843  13.123  144.93 0.1852

Note: As = specific surface area; d,., = particle size; d,,, = XRD crystallite size; k = magnetic
susceptibility; Ms = saturation magnetization; Mr = remanent magnetization, and Hc = magnetic

coercivity.

(a) (b)
Figure 2 TEM micrographs of the synthesized MNPs precipitated at 70°C; (a) at x25,000 and (b)

x100,000 magnification.
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The M-H relation or magnetic hysteresis loops (Figure 3) of the MNPs prepared at different

precipitation temperatures show the typical ferromagnetic behavior with a trace of a high coercivity

phase that is interpreted as goethite (see reaction IIT). The saturation magnetization Ms of the MNPs

increases when the precipitation temperature increases and reaches the maximum Ms (77.45 emu/g) for

the MNPs precipitated at 70°C. At the precipitation temperature 90°C, the Ms of the MNPs decreases to

70.843 emu/g. This probably implies the effect of chemicals concentrations and precipitation

temperature that inhibited the formation of magnetite (reaction III) resulting in reducing the MNPs grain

sizes (Figure 4a) and a reduction of the total magnetization of the MNPs (Figure 4c). It can be

concluded that the sizes of synthesized magnetite MNPs depended on the precipitation temperature and

can be estimated from the k, Ms and Mr of them (Figure 4).
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BET VS-

precipitation temperatures, (b) k vs. d,,, (¢) Ms vs. d,.; and (d) Mr vs. d,.

BET?

The magnetic hysteresis studies of the MNPs synthesized at 70°C in the present method and
synthesized by two other methods, namely, the co-precipitation method (Chomchoey et al., 2009) and
the sol-gel method (Chomchoey et al., 2009), are compared in Figure 5. The coercivity (Hec) and the
saturation magnetization (Ms) of the MNPs increase with increasing particle size (reported in Table 2 by

Hc = 34.0, 21.1, and 158.03 G and Ms = 63.2, 52.2, and 77.450 emu/g for the samples with d

BET

11.48,
11.26 and 68.53 nm, respectively).

The ratios Mr/Ms and the Hc of the MNPs prepared by the co-precipitation and sol-gel
methods were very low, indicating a large proportion of superparamagnetic (SPM) grains consistent
with an average grain diameter of 11 nm by BET method. The ratios Mr/Ms (0.2) and the He (158 Oe)
of the MNPs prepared in the present method at the precipitation temperature of 70 °C were high
indicating that they possess the magnetic properties of single domain (SD) grains. This agrees with the

MNPs grain size measured by TEM (60-70 nm) and by BET technique of 68.5 nm. Several experimental
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studies have confirmed a critical size of dg,,, < 30 nm for SPM grains (McNab et al., 1968; Dunlop and

Bina, 1977) and single domain cubic magnetite particles have been experimentally observed below 60

nm (Dunlop, 1973) while theoretically below 84 nm (Enkin and Dunlop, 1987; Enkin and Williams,

1994).

Table 2 Comparison of the physical and magnetic properties of the MNPs prepared by different method.

Method As Ao dyrp Ms Mr Hec  Mr/Ms
(mg) (@m) (@m)  (uSD  (emwg) (emwgy) (G
Co-precipitation  104.49 11.48 12.70  69986+1333 63.2 2.4 34.0  0.0387
Sol-gel 106,50 11.26  12.23  113207+2413  52.2 1.3 21.1  0.0258
Present method ~ 17.51  68.53  31-35  52891+1469  77.450  15.769 158.03 0.2036
Note As=specific surface area; d, ,=particle size; d, . =crystallite size; k=magnetic susceptibility;

Ms=saturation magnetization; Mr= remanent magnetization and Hc= coercivity.

Magnetization(emu/g)

S L L L I
60 — Co-precipitation
| Method
Sol-gel
40 — Metod
T The present
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0
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40 —
-60 —
T T T

Figure 5 Magnetic hysteresis loop of the MNPs prepared by three different methods.
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Figure 6 IRM acquisition curves of the MNPs prepared by three different methods.
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Figure 6 shows the IRM acquisition curves for typical MNPs samples prepared by the three

methods.

M/Mo

—+&—— Co-precipitation Method
——6— Sol-gel Metod
—&—— The present Method

Figure 7 AF demagnetization of IRM of the MNPs prepared from the three methods.

Peak alternating Field (mT)

different methods. In general, with increasing applied magnetic field, all samples are easily saturated in
their IRM at a low inducing field (under 0.3 T). The saturation IRM (SIRM) of samples prepared by co-
precipitation, sol-gel and the present methods are 94.881, 50.842 and 940.909 A/m, respectively,
indicating the presence of magnetically soft ferromagnetic phase interpreted as magnetite. It is
consistent with the results of AF demagnetization of IRM shown in Figure 7. It is found that an AF field
of 30 mT can almost totally demagnetize the SIRM (>95%) of all samples. This indicates no high

coercivity magnetic phase (i.e. goethite and hematite) formed in the synthesized MNPs for all three
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CONCLUSIONS

Magnetite nanoparticles (Fe,0,) of cubo-octahedral crystal structures with the average particle
sizes of 25 - 70 nm have been successfully synthesized by oxidative alkaline hydrolysis of the atomized
iron powder (AHC 100.29). The precipitation temperature is found to be the important factor controlling
the particle sizes of the MNPs. The magnetite MNPs sized 68 nm are the biggest ones which are
prepared by this method at the precipitation temperature of 70°C.

The morphology, magnetic hysteresis properties, and remanance properties of the MNPs
prepared in the present method indicate that they possess the magnetite nanoparticles of single domain
grains with a saturation magnetization of 77.450 emu/g, a remanent magnetization of 15.769 emu/g, a
coercivity of 158.03 G and a saturation IRM of 940.909 A/m. Moreover, the analysis showed that
magnetic hysteresis properties can be used as an alternative tool to estimate the average size of the
single domain magnetite grains because their magnetic properties are observed to be linearly
proportional to their particle sizes (d,;,) with the R-squared values equal to 0.9857, 0.9995 and 0.9895

for the susceptibility value, saturation magnetization and remanent magnetization, respectively.
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