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Iron (hydro)oxides in aqueous environments are primarily formed due to mining activities, and they are known to
be typical colloidal particles disturbing surrounding environments. Among them, hematites are widespread in surface
environments, and their behavior is controlled by diverse factors in aqueous environments. This study was
conducted to elucidate the effect of environmental factors, such as ionic composition and strength, pH, and natural
organic matter (NOM) on the behavior of colloidal hematite particles. In particular, two analytical methods, such as
dynamic light scattering (DLS) and single-particle ICP-MS (spICP-MS), were compared to quantify and characterize
the behavior of colloidal hematites. According to the variation of ionic composition and strength, the aggregation/
dispersion characteristics of the hematite particles were affected as a result of the change in the thickness of the
diffuse double layer as well as the total force of electrostatic repulsion and van der Walls attraction. Besides, the
more dispersed the particles were, the farther away the aqueous pH was from their point of zero charge (PZC). The
results indicate that the electrostatic and steric (structural) stabilization of the particles was enhanced by the
functional groups of the natural organic matter, such as carboxyl and phenolic, as the NOM coated the surface of
colloidal hematite particles in aqueous environments. Furthermore, such coating effects seemed to increase with
decreasing molar mass of NOM. On the contrary, these stabilization (dispersion) effects of NOM were much more
diminished by divalent cations such as Ca>* than monovalent ones (Na*), and it could be attributed to the fact that
the former acted as bridges much more strongly between the NOM-coated hematite particles than the latter because
of the relatively larger ionic potential of the former. Consequently, it was quantitatively confirmed that the behavior
of colloidal hematites in aqueous environments was significantly affected by diverse factors, such as ionic
composition and strength, pH, and NOM. Among them, the NOM seemed to be the primary and dominant one
controlling the behavior of hematite colloids. Meanwhile, the results of the comparative study on DLS and spICP-
MS suggest that the analyses combining both methods are likely to improve the effectiveness on the quantitative
characterization of colloidal behavior in aqueous environments because they showed different strengths: the main
advantage of the DLS method is the speed and ease of the operation, while the outstanding merit of the spICP-MS
are to consider the shape of particles and the type of aggregation.
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Table 1. Summary of experimental conditions

7] 98l spICPMS(ELAN DRC I, PerkinElmer,
USAE o]-&-sIStt. AAg 4 He] 2 whlol gt
y-8-2 2.3 Fellx s

A 27 W B 9 vAE A f71E
gt HEMe] As EAS AHEIA fulvic acid,
humic acid, standard natural organic matter (NOM)
£ olg3sl] A¥E st 2Ea vg g
e A5 549 A3 WR A7 ARE EdE A
AXAS AAsIHen, ekl 3 U Ak
7189 FEE 10 ppmeE BFslal o] o]F 7|FE
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o, pH Z7d 2 1mMe NaNO;¢} CaCl,e] i
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Effect of background solution

Effect of natural organic matter

Concentration of hematite 10 mg/L
pH 3,5 7,9 11 5 3,57,9, 11 5
Type of background solution CI:CaE’l, é\; 3(‘%\1\1833)2 CI:CaE,l, CI\; a(ggj)z NaNO;, CaCl, NaNO;, CaCl,
Conc.entration of background 1, 10, 100 mM | mM | mM | mM
solution

NOM NOM
Type of organic matter - - FA FA

HA HA
Concentration of organic matter - - 1, 10, 50 mg/L 10 mg/L
Analytical equipment DLS spIlCP-MS DLS splCP-MS
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Table 2. Analytical conditions of DLS Y A4S Yo g Rl olEEe YA 2%
Parameter Value S SPFgoRA s QR ](hydrOdynamiC
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Material Abosrption 0.010 Ape] Ble} Ateks SAeHA Sl =E 24 At
Cell(Size) Semi-micro disposable cell & TE3sle @o] ok & Ao o]8% DLSY| &
Disposable folded capillary 2z Table 209 AE)allom, 2149 Dispersant

Cell(Zeta Potential) cell
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th(Pace et al, 2011; Reed et al, 2012).

RI(Refractive index), Material RI, Viscosity(cP)2] %t
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Fig. 1. Conceptual diagram showing the principles of (a) ICP-MS and (b) spICP-MS (Mitrano et al., 2012). (c) Schematic
diagram showing the data process for the interpretation for the analysis of particles using spICP-MS.
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2014). 4UE= Fg 1@ AAIE viel Zo] gt
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2ol A BE, [ie 8 9 AE, e HeE
H%‘ NG, e GRS ol 238E, myes EFE99
Azl Aol g 71€7], d= ¥A] A @m), p
4R BE(ughm’), g "1§° %, e ©
% & & (transport  efficiency), AR F T=
(particle/mL), )= A HlEelt}, YA=7|1E
Aikel7] fEiXE oldEge] 7MY Fas, w=
NISTAF Al Felet 60 nme] EFE Au Y=P A9+
MerkAle] ACSH Au XF8HE ©]&3le] Pace et
al. (2011)°] AHE YAp=7] o w olFRES &
A 8 ARG olFEEL 5.0%%E EEEAL, 7]

a9}

B} 2Allgh BA 2L Table 3o A2]3kAT}. Probe
ultrasonication®. 2 HA18F HAMS Az A T

vl 7d-gd o2 1,0008 ~ 10 000HH 84 ste] 0.1-10
ppbe] EE 02 pICP-MSE A s19om, AA|
o2 Y] FEE BUEHIGAT. 484L &
Hhgo] m27] wlZo] ZE Ao ik & A7)
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£ 7BAA9E, CCT (collision cell technology) &

Table 3. Analytical conditions of spICP-MS

Parameters Value
Material concentration (pg/L) 1-10
Nebulizer Concentric Teflon
Sample uptake rate 678.8 uL/min
Spray champer Glass cyclonic
RF power 1400 W
Plasma gas (L/min) 18.00
Aux Gas (L/min) 1.30
Neb Gas (L/min) 0.88
Dwell time 10 ms
Total analysis time 400 sec

Reaction gas NH; at 0.3 mL/min
RPq 0.45
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Fig. 2. (a) TEM images of hematite particles and (b) the distribution of signal histogram obtained from their analysis of

spICP-MS.

Table 4. Statistical results of particle size on TEM analysis of hematite

Ratio (%) Number of particles Averege (nm) Medium (nm) Max (nm) Min (nm)
Cube 64.8 173 101.1 590.1 19.4
Sphere 352 96 187.4 361.8 21.7
Total 100.0 267 139.6 135.7 590.1 19.4

73 899 FH, Tk, pH 52 M2 Fg2 F
AAFEo|7] WEe] WAuE gde] 29d T
Halo] e HFHA 9 AT EAS AHESTh vl ¥

9] Z4J(NaNOs;, NaCl, Ca(NaNO,),, CaCly)°l+]
7P ¥ 1mMe] FxollA pH G| F3ishA v+
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AaEe Ao IIHAT. T3 w57} S7HETE
AN FHd YA = SV AoE Yehds=
o], ol 7 Wl ol2A7] FVIE & HHA 9
W7F SHE AS & 5 AoKChekli ef al, 2013).
ol&A|719] 7= YPRte] EAF o)FZ(diffusion double
layen®] FAE TaAlA FH71890 gl(electrostatic
force)2tt AAF 7ke] Q1 (van der Walls)o] $-A3HA
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¥ th(Zhang et a., 2008; Petosa et al, 2010;
Dickson et al, 2012).
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717} NOs5 &-fshe vl Sduo) Hlwa & o|f
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hKim et al, 2013). o|2A F 71717+ 22487}t
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S g ZA AA717] W&otk (Chen et al, 2006;
Baalousha et al, 2013). spICP-MS¢] &2 3}ol A=
NaNO;¢} CaCly= $H3hs wili7d-8de wet YAk=7]
o] gz o] tEA YRt CaClyt EAlsk=
wAgd W AE@ae) A=) 2z E Wk
9] Gaussian fitting 225 Houl= Yxk=7]9] Wl
=7t S7kRE RS ERIsIT(Fg. 6(0), ), ©).
ol g AL tailing Hdol2t s o9} e A3
7} Yehe= o+ Hg. 6(b)elA Ueld o] ddd
2R7F ZAAIZE FF YA s o] 237t FH ook &
=, g4 sxe= clal Ul olike] YA} o]

23t A Aol =4 S 7] wEd

o YAk 7+ st 9GE-g 3o diffusion-limited
cluster aggregation (DLCA)S] $F+ZE we Zo
Z AZEHFE. 7(b); Meakin, 1984). o]#3t 2=
W2 S 27 Fol29] Tk A= 3 7t
A BFE 7= Ao, It Fol2<l Nagot 2
o2 o F IS FA ¥ AA fUIER <
A== dd FE (dumbbell), = SHsE T2
7XE Zolth(Fig. 7(a). 223 reaction-limited
cluster aggregation (RLCA)?] +Z= A7k <™
o] ZFsHAl A&etAY AL vkgsh E SRAE
JHeke Fxoltk(Fig. 7(0)). ©1218 +-
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