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Abstract

This study conducted research on various adsorption factors that influence
the adsorption of heavy metal ions based on the study of the composition and
physicochemical properties of scoria dispersed throughout Jeju Island, and also
carried out research on mineral dissolution properties by mineral dissolution
experiments on scoria.

The analysis of distribution characteristics of scoria samples, collected
from 21 areas on Jeju, showed that reddish-brown colored scoria is
predominant, as it was found in 15 samples, followed by dark-grey and
yellow-brown colored scoria found in 3 samples respectively. The analysis of
the main components showed that most scoria samples contain components in
order of SiQ: > AlOs > FexOs > CaO, MgO. The main component analysis of
rock minerals showed that main element composition of scoria samples 1s
highly similar to that of volcanic rocks. The study found that scoria mostly
consists of basalt and trachyandesite in terms of petrography, and some
scoria was classified into basaltic trachyandesite. All scoria samples were
classified into akali rock series by classification of rock series; however, they
did not show marked differences in their colors, such as reddish-brown and
dark—grey based on rock classification standards. The trace element analysis
indicated that content level of elements such as Sb, Ge and Se was
extremely low in scoria, measuring less than the detection limit (<0.5 mg/L),
while content level of elements such as Sr, Zr, Ba, Zn and V was relatively
high. BET analysis of scoria showed that the BET wvalue of scoria on the
surface area generally ranges from 9.9 to 177.6 m2/g, while the BET value of
scoria collected from subsurface ranges from 3.1 to 274 mz/g, recording
relatively low BET values compared with scoria on the surface area.
Micropore volume of scoria was also analyzed based on pore diameter. It was
measured at below 20A and the result showed that micropores have been
formed in all scoria samples. The cation exchange capacity (CEC) of scoria
was measured from 553 to 50.43 meg/100g. In the FT- IR spectrum, the
strong bands observed in the frequency range of 930~1,009 cm ' s

characteristic of silica. The bands belonging to other metal oxides could be



observed in the mentioned range as oxide or Si—-O-M(M=metal ions) form.

During the operation time at batch adsorption test, the adsorption capacity
by scoria of heavy metal solutions measured the highest on Ph” compared
with Cr’" and Ni27, and the same result was found in different adsorption
experiments that were based on concentration of heavy metal and amount of
scoria. Adsorption characteristics following the application of an adsorption
isotherm indicated that the Freundlich adsorption isotherm is more applicable
to scoria as it recorded a positive linear relationship compared to the
Langmuir adsorption isotherm. The -correlation analysis of physiochemical
properties of scoria showed when the BET value is high, heavy metals (Cr’',
Pb® and NiZ) increase proportionately. In addition, when the BET value is
high, meso pore volume, micro pore volume, meso pore area, micro pore area
and CEC also increase. When applying pseudo-first order adsorption kinetic
based on the adsorption Kkinetic model, most scoria samples did not show a
perfect linear relationship, while pseudo-second order adsorption Kinetic
showed a positive linear relationship in most scoria samples indicating that
pseudo-second order adsorption kinetic is more applicable. The intra-particle
diffusion model applied in the adsorption process of scoria showed three
different straight lines. The first line is a step when rapid adsorption occurs
as heavy metal solutions diffuse to boundary layers and then to the surface
of particle, a process known as external diffusion. The second line is a step
where the adsorption rate is controlled by intra-particle diffusion within pores.
The third line is a step where the diffusion rate became very slow and
stable, approaching an equilibrium stage and maximum adsorption. All these
results showed that the adsorption process of scoria is the rate determining
step whose intra-particle diffusion within pores controls adsorption rates.

The continuous adsorption experiments were conducted in fixed bed with 9
mg/L of Cr', 9 mg/L of Pb®, and 9 mg/L. of Ni*', showing that adsorption
capacity on heavy metals was in the order of Pb27>Ni27>Cr3+, based on
breakthrough curves which were obtained with application of each heavy
metal solution. The continuous adsorption experiments in the mixed solutions
which mixed 3 mg/L of Cr”, 3 mg/L of Pb”, and 3 mg/L of Ni*" with mixed

heavy metal ions indicated that adsorption capacity was in the order of



Pb* >Cr’ >Ni™",

The batch mineral dissolution experiments on major component elements
of minerals showed that the SiO2 component accounted for the most
dissolution concentration, along with the Na component; however, the level of
Mg, K, and Ca did not increase during the operation time. The average
dissolution amount in 10 scoria samples was measured and the result showed
that the level of SiO» was the highest in dissolution, measuring 55.5 ~ 327.7
mg/kg (average 199.8 mg/kg), followed by Na with a 176 ~ 182.2 mg/kg
(average 1349 mg/kg) measuring a relatively high level of dissolution
compared with other components. The batch dissolution experiments on trace
elements showed an order of V> Sr> Ba> Ni> Cr> Rb. The experiment
result of the mineral dissolution ratio after 30 days indicated that among
major elements Na accounted for the highest in dissolution in proportion to
component content by measuring 093 ~ 2.2%, followed by K with 0.16 ~
0.72%. In terms of trace elements, Vanadium measured the highest in
dissolution with 0.10 ~ 0.48%, while Ni showed the lowest.

The continuous mineral dissolution experiment on major elements during
the operation time showed that the SiO» component accounted for the most in
dissolution, and the K component also measured a relatively high level
compared with other major elements. In terms of Mg, K and Na, the level of
dissolution in early stages of the experiment remained almost constant. Sr
among trace elements measured the highest in dissolution, followed by V, Cr
and Ba. The continuous dissolution experiments on 10 scoria samples after 30
days indicated that among major mineral components, the level of SiO», which
measured the highest in the batch dissolution experiments, increased four
times, with 2115 ~ 12357 mg/kg (average 514.5 mg/kg) compared to the
batch dissolution experiments, followed by Ca with 459 ~ 80.1 mg/kg
(average 64.1 mg/kg). K, Na and Mg showed almost similar levels of
dissolution. In order to identify the relationship between mineral dissolution
characteristics of scoria and groundwater quality, four samples S-1
(107~111 m in depth), S-2 (136~139 m in depth), S-3 (142~145 m in depth)
and S-4 (180~185 m in depth) were collected from the same site in deep

subsurface areas of Seogwipo watershed. The analysis of mineral dissolution



experiment after 30 days and relation with groundwater quality near the
sampling area showed that SiO»;, which measures the highest in ground
water, was also measured higher in scoria than other major components. In
terms of trace elements, V, Sr, Ba and Rb, whose levels contained trace in
groundwater, also contained trace in the scoria dissolution experiment.
However, Ni, Co, Cu and As, which were not detected in the dissolution
experiment, were either not detected or only detected in extremely low
concentrations in groundwater. Based on these results, the study found that
groundwater quality was influenced both directly and indirectly by the
reaction between water and rock as scoria layers near groundwater are
composed of porous materials and arranged in geologic layers with good

permeability.
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rock)oli st ®, 1 F FZ o] 32 mmol i3S 4% (Volcanic block)gha 3t
H g T FEAY F3de e (Volcanic bomb)zha et R ko] &t
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2.2.

& 2 (Adsorption)

adsorbent)®] F49

& 2 A| (Solid

o AlEFL =Z7|(Size)®
AFed 2L 373 &
) A& (Macropore), 20 ~ 500 A Ato]& T 7HAF(Mesopore), 20 A ©|stE T A A

(Adsorption)o] & A4 (Fluid phase)®] oJ® AEEo] 1A
2 AgE = g F Aol tHMcCabe et al, 1993)

Al &8 &2 (Physical adsorption)¥} 3}3F8 2H(Chemical adsorption) 2.2

=49 Van der Waals 3¢ Z&oz dojys BT HE 349 Fd

= A stAFEH B & BH7H A5E S JHR ol 2Fed o5 A
#3E&#, London A3 A7 oz ofF4x P& Hgoz do

%3 L3t (Patterson et al., 1975 ; Tom et al., 1982).

Fi29 F2A= 4738 7] (Porous)e] B EFoH, F&L FE 7T ¥
TE Ax Wi dx EAI A4 (Specific sites)o] A dojdtd, EHH A (Internal

surface area)o] 9% WAHT} 57t @4 29, 2000 mYg REE F &

o EAFolY S48 Aol wEd dF x5l & s Bu § ZAsA xd
Aol A= ol Z27F dodtH(McCabe et al., 1993).
22.1. FFA S A
1) A& &7
A& A 237 Aol EAlstE ofF A2 &7HSpace), AR TXE FEI A
719 FHE Wik RozZA, A Ateldl dE T dA Yl Jde A =2
719 & 2te FH(Pore)5 o2 FEEHT
A& T2 ((Pore structure)= F&A Y FF H Az A Wit F2A
i %3 (Shape) &= th&Faitt, dwrdod AFTx2E HEHA,
Eod oA e = Aol dwkA ot
ICPAC(International union of pure and applied chemistry)olA o34 A
oA EF3 500 A o]¥E A
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(Porous solid)7} zt= A€ 2 Hi FHAH |~
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714 Vee dAALd A7 28719 F2E712RH C7bA 9 9B AL
A} (Apparent dead space)©] T}
wEbAd A3)H JERFEH Aoz xdT & vk

273.15
76.0T

Vi= P1(V-ah;+Vg) 4)

v = Vo Vi [P1o(V-ahio)-P1(V-ah;+Vp)] %))

714 hi, i 138 271 Pt HE Y Pioll A vhwmlg Mo #59] ¢)7]

U2 = e [Poo(V=ahg)+ P1Ve-Pa(V-ahat+Vp)] 6)

714 7] hw, ot 2 S E7%, BIRA QAN vhenle Mo H59]
Pl em)E 727 JEiT 27305(P)(Va)T60(T)E 18118 E 29 ol gloide) 3
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Fig. 2. The typical apparatus for nitrogen adsorption(Emmett, 1940).
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Kelvin ©]24]& Meso-pored] Z7|& fE5Folg} 71As L ¢S AT ELE 2

A S H Tovbin, 2010).

5) BJH method
Barrett-Joyner-Halenda method & 9@ & 3 4<% 7t 934 A= 9

3 19%1d ATEHAoY AL e bded 249 #F3 48 7tedt §5& 9
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AR B FEAH FEFLE HA 78 F Ak
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F 2= A ol 2338 A F A& (Progressive pore filling)< 7] 7id
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and Kawazoe, 1983).
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2.2.3. 332 X (Breakthrough curve)

o} Zrolop &tm,
FtHMcCabe et al., 1993).

2) 3= a4

Fig. 4b)8 =4<& 3324 (Breakthrough curve)el#tz REEt} A 7F 6,7 tool
A Whe FEw AAR 0otk FEVF o' @A § & Ere e Edstd
05 =+ 01=

0
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E5o0) Hoge AGA ASHW FEs o 05744 B3 Seie, 1 B
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Fig. 4. Concentration profiles and breakthrough curve for adsorption in a
fixed bed.
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A4 dmg/g), av 29 AT tollA A EHAMY TF
Eldit}
21(10)0& A&Estd 211D 2] dv(Na et al, 2011).
In — =9 o (11)
Qe
2) 2% F2&4E v
A7 £ AL 71A F27)(Functional group)E 7FA 1L QJrid, o] &t
4871 F2AY S AR} o] emANL S SN F gor) Fiix
B0z 388 4 9oh(Ho et al., 2000).
P+ CuE & CuPs 12)
OHP + Cu®® &  CuP: + 2H (13)
2 A Aol A Polar sitesES ¢ 7] sht},
(14)
(15)
(HP)o=

A7 H P F
= k[(P)y - (P).J?
Foli (P)¥

d(P);

H12)% A(19E B4 2ol ekl = 9luh

dt
= k[(HP), - (HP)J

dHP).
dt
(HP), A7+ tol A9 Active sited]
A THHo et al, 1999 ; Ho et al., 2000 ;
(16)

q714 (P) %
Eguilibrium site9] & 2]v] gt}
Ao AL gga go] Hog FEE F 3
Ho et al.,, 2006 ; Sekomo et al., 2012).
dg 9
= k( e )
dt Qe At
A7N1A g BPEEHAAY F2AA @9 ¢F FHHF(mg/g), g 2F AT el A
o] F#F(mg/g), ket 24 FIF SE4(g/mg - min)E o7
A8 HESH 221 FAEEANO0F M HEAOE AL BRdEHES o
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WEFARA L AF W 422 (Intraparticle diffusion model)o]2tal 3, A=}
el glolA &ak-& & (Diffusion rate-determination)S &2A17F w73 R w3t

FHOE Aol Hedz Lol vehd + Atk

) (21)

q(0,0) = (22)
Jq
a (rp, t)=qp, ( =5, o =0 (23)
0q ~
( =5, o =0 (24)

AeW FHAELL v 22 7P stel dARe S 4 (McKay

et al.,, 1987).

T F% 271904 @R Fad 9% gARe Fadh
@ Azt = 094 Co = 00t}

@ 4k 7+9 X (Angular position)9} &% W37t ¢lE v wWeko g FPHY,

=

e QAEE FRRA detd ATy FARDL Asetd FHIHPL o
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A&t7] Y] S 3 Zo] AekE Atk (Weber et al., 1962 ; Crank, 1933 ; Deo
et al.,, 1993 ; Sun et al., 2003).

a - ( Di_t V= Ky VE (26)

A71M Ky ATW 84 $E352 K, = 6/D,)/(pVr)E Zolgn.

S FHFL Azte] AFZ(E D =

1?4
LFEFTHToor et al, 2012). AFZ({)} qfk Atelel 44& AdAZ,
T AT B AT AR RS wet 2dAES RS 70 @

Al o&] FAIE 4 ATHShive et al., 2012).
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Fig. 6. The locations where the scoria samples were taken.



Table 1. Classification of the scoria samples by sampling areas and depths

Sampling area Sample 1D Depth (m) Scoria

s-1 107-111 Q

Fal== 12233 10901

S-2 136-139

PRI 1= 183617

S-3 142-145 ’

TTrRISS 13 142147

S-4 180-185 ’

TrRIZS 1332 18019

South S-5 236-239 *

RIS 252 23627

S-6 22-31

S-7 100-105 ‘

YRS 3= 2 100-10%

S-8 294-296 ‘

S IErA o~ 3= T 29429

P SO S
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Table 1. Classification of the scoria samples by sampling areas and
depths(Continued)
S-10 18-21 ‘
S-11 250-254 ‘
15 = 250-251
S-12 32-36
- -
S-13 53-56 ‘
N 5.3—5“"‘
East <
S-14 0-5
=50 2 O0—5m
X == O—5m
=X =% 0—5m
S-17 0-5 *
HHOFO| S #8 O—S5rr
S-18 0-5

S CHe 2% 0—5m

_27_



Table 1. Classification of the scoria samples by sampling areas and

depths(Continued)

= XS 0-5m

West

S5-20 0-5

RN O=50mm

North $-21 0-5 ’

=== 2= 0-5m
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Scoria 0.1 g + HF-HNOsHClO4(4:4:1) in 50 mL Teflon beaker

¥ 150 C hot plate 2 hr, 2~ 3times

Add 4 mL(mixing acid) & dissolved

4 150 C hot plate 2 hr

Add 4 mL(mixing acid) & dissolved

¥ 150 C hot plate 2 hr

50 mL volume metric flask

3 1/10 or 1/100 dilution by 3% nitric acid

Sample for ICP/MS or ICP/OES measurement

Fig. 7. Analysis protocol of open beaker method.
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Inductively coupled plasma atomic emission spectrometry (ICP-AES)E o] £-&}¢]
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—— Drain
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Fig. 8. Schematic diagram of continuous adsorption apparatus.



Table 2. Experimental conditions for continuous adsorption apparatus

Parameter Range and Unit
Bed length(L) 500 mm
Bed diameter(D) 25 mm
Scoria size 1.18~2.36 mm
Flow rate(Q) 10 mL/min
Temperature(T) 251 C
cr” 9 mg/L
Pb* 9 mg/L
Feed solution Y
Ni~ 9 mg/L
Mixing 9, me/L

(Cr" 3 mg/L + Pb*" 3 mg/L + Ni“ 3 mg/L)
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3]%24 &Z(Batch mineral dissolution) 23| AL&H AFol= AFAT A3
olZ Bty EFAE o]&ste] 1.18~236 mm 72 3o FFHFE F3 AH
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WA HEA 822 AR, o W, 8FAY L= 25+ 1T ARG,
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2 UEAT g 248 FQ9 A4 ICP-OES(720 ES, Varian) &2, 7k
£ ICP-MS (820MS, Varian)& ©|-&-3k] &413kih.
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Tank

» Circulating

pump

Fig. 9. Schematic diagram of continuous extraction apparatus.
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Table 3. Experimental conditions for continuous extraction apparatus

Parameter Range and Unit
Bed length(L) 500 mm
Bed diameter(D) 25 mm
Scoria size 1.18~2.36 mm
Flow rate(Q) 5 mL/min
Temperature(T) 25t1 C
Sampling time 0, 1, 3, b, 10, 15, 20, 25, 30 day
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Table 4. Classification of the scoria samples based on color

Samplng o Sample D Depth (m) Color

area
1 S-1 107 ~ 111 Reddish-Brown
2 S-2 136 ~ 139 Reddish-Brown
3 S-3 142 145 Reddish-Brown
4 S4 180 ~ 185 Reddish-Brown

South 5) S-5 236 239 Reddish-Brown
6 S-6 22 ~ 31 Reddish-Brown
7 S-7 100 ~ 105 Dark-Grey
8 S-8 294 296 Reddish-Brown
9 S-9 0~5 Reddish-Brown
10 S-10 18 ~ 21 Reddish-Brown
11 S-11 250 ~ 254 Reddish-Brown
12 S-12 32 ~ 36 Reddish-Brown
13 S-13 93 o6 Yellow-Brown

East 14 S-14 0 5} Reddish-Brown
15 S-15 0~5 Reddish-Brown
16 S-16 0~5 Yellow-Brown
17 S-17 0~5 Yellow-Brown
18 S-18 0 5 Dark-Grey
19 S-19 0 5} Reddish-Brown

West
20 S-20 0 5} Reddish-Brown

North 21 S-21 0~5 Dark-Grey
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Table 5. Bulk chemical composition of the scoria samples determined by XRF analysis

Sampling Major element (wt%)

area | Ctmole oo AbOs FexOs CaO MgO K20 Na:0  Ti0»  MnO POs  Igloss
S-1 4832 16.65 12.97 8.87 484 0.94 3.14 3.04 0.16 0.42 0.35

S-2 47.49 17.09 12,51 8.69 466 1.47 3.02 3.40 0.16 0.50 0.57

S-3 49.48 16.93 12.37 767 438 1.36 3.5 2.90 0.16 0.55 0.49

S-4 5155 17.19 11.00 7.09 3.48 1.97 3.76 2.30 0.17 0.66 0.38

South S-5 4786 17.77 12.41 701 3.94 1.93 3.22 2.97 0.18 0.69 1.60
S-6 53.27 18.67 968 5.42 2.11 2.38 472 1.57 0.16 0.69 0.88

S-7 4868 16.04 13.41 8.24 437 1.37 3.49 3.52 0.17 051 0.00

S-8 43.82 1451 12.79 10.63 8.65 1.41 1.61 3.00 0.18 0.47 2.49

S-9 4824 18.89 11.44 7.82 3.96 1.03 361 252 0.15 0.69 1.20

S-10  50.28 16.91 1.1 7.07 466 1.90 3.74 2.34 0.14 0.63 0.85

S-11 4832 17.66 12.15 753 3.96 1.70 3.68 3.13 0.17 0.71 0.68

S-12 4827 15.79 13.40 8.06 5.72 0.93 2.98 2.81 0.17 0.59 0.80

S-13 4876 17.01 12.76 7.60 427 1.36 3.33 2.9 0.16 058 0.84

East S-14 4631 16.94 13.18 6.94 7.08 0.72 2.54 2.42 0.16 0.38 3.28
S-15  46.38 16.35 13.73 6.47 781 1.27 2.32 2.60 0.18 0.55 2.18

S-16 38.09 19.11 17.27 5.02 7.34 0.34 1.48 3.72 0.15 0.58 6.23

S-17 4677 1693 1357 6.59 6.23 113 2.43 268 0.16 0.54 267

S-18 4957 15.94 12.14 762 6.39 1.74 3.10 2.39 0.16 0.54 0.11

w S-19 4772 15.71 12.98 8.12 7.17 1.10 251 2.64 0.16 0.50 1.17
ost S-20 4901 15.47 12.45 878 6.20 111 3.10 259 0.16 0.46 0.38
North S-21 4747 16.13 12.25 9.26 7.95 1.30 2.89 2.56 0.16 0.58 0.00
Jﬁfli_ S-22 6944 16.11 2.18 2.19 0.55 3.98 417 0.35 0.03 0.10 0.67
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Fig. 10. (Na:0+K20) vs SiO: plot of the scoria. Solid line: I -basalt; O
—trachybasalt; [-basaltic trachyandesite; IV-trachyan-desite;
V -trachyte; VI-basaltic andesite, Dot-line: The boundaries between

alkalic and sub-alkalic series.
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Table 6. Trace elements in the scoria samples

Sampling Trace elements (mg/L)
sample . .
area Li Rb Sb Sr Pb Ge Cu Ga Ni Mo
S-1 635044 17.23t133 <05  517.0:2046  333:087 <05 3304190 2791080  6845:300  5.90%0.34
S-2  524x082 3010£1.03 <05 613045654 570:150 <05  3560:211 2529215  39.89:283  9.02:0.96
S-3  662:1.06 4138300 <05 525726294  503:084 02220 30.02£3.17 2063100 5411213  9.92:0.24
S-4  768:029 4442:706 <05 644302132  6.04:062 <05  2478:048 27.86:0.05  55.71:032  483:0.25
South S-5 1051054 3969:7.81 <05 934874380 338024 <05  39.85:724 3021056  67.15:163  3.73%0.62
S-6 1193043 4881659 <05 665721691  215:068 <05  2573t392 3238223  943x057  10.34x2.18
S-7  909t161 27.34t542 <05  696.08t91.82  437:122 <05 3886344 37.29:1097 46561245  7.26:1.71
S-8 539065 5949+455 <05  1,351.00:360 635:184 <05 6387790 2629256 88012750  7.24%398
S-9  723:102 1838:114 <05 753619905  281:132 <05  2967+227 3142169  31.29:t193 40932657
S-10  8531:0.17 5672985 <05 718451076  529+1.10 012+18 57.15t168 2061120  7828+333  11.72:1.04
S-11 403230 21.39+3890 <05 446398980  630£243 <05  10.77+7.09 1567987  12.05:7.31 8694572
S-12 403231  783t172 <05  290.16:1813  379:030 <05  27.36:7.07 18121143 64243967  850%5.13
S-13 491284 3667:352 <05  356335:7363  6.76t182 <05 2257472 25911585 4649:2695  11.91:555
East S-14  708:0.82 3335:758 <05 44453296  5352t114 <05  66.03+722 3637648 19449+2767 995127
S-15  500:1.13  2645:163 <05  467.28+7123  930:072 <05 3248033 719.23:486 181.08:1.31  18.94:261
S-16  516£040  203t187 <05  32098£17.27  739:100 <05 4561035 926492364 179.71x0.72 41431771
S-17 833004 1676t264 <05 53743294 761210 <05  3936:025 754.89:925 13645:0.84  2529:3.40
S-18  699:120 3860:473 <05 677508425  7.27:083 <05 3615018 717.64:7.25 122.89:051  4512:7.75
West S-19  672£002 1746:021 <05  5%87:161  669t051 <05  5264:025 64815:359 212.04x0.22  14.89+0.81
S-20  539:1.04 2154¥273 <05 518184876  579:220 <05  3829:0.32 74361:437 151.01x1.13  3295:7.44
North S-21 586009 2429:169 <05 710471365  488t166 <05  3566:0.66 69026412 12375:0.33  12.30x0.50
Jg?fﬁ S-22 44901049 13266726 2007l 63539421398 54012006 <05  1963:014 10350+461  546£055  73.23:30.37
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Table 6. Trace elements in the scoria samples(Continued)

Sampling Trace Elements (mg/L)
sample B
area V 7n 7r Se Ba B As Cr
S-1 201.1£9.1 143.0£11.6 171.4+£7.5 <05 293.01124 72527 <05 112.8+6.2
S-2 203.6£12.0 125.4+7.2 194.9+11.3 <05 386.6+£33.0 77.1+£139 3.1+1.8 100.4£9.3
S-3 201.0£12.2 151.6+3.6 240.7+12.8 <05 376.7£32.8 75.1£5.2 43+2.0 139.4+149
S-4 118.2+9.2 150.1£9.8 261.50%£3.7 <05 622.8+300.2 0hH.2122.1 3.5+0.3 111.0+64
South S-5 173.2+4.0 162.1+13.2 305.3+10.7 <05 687.8117.8 64.3£2.9 3.5+0.3 99.8+7.4
S-6 141.7£2.7 170.87£8.7 377.5%9.1 <05 757.1+£19.7 73.3£29.6 6.5+2.1 92.5+6.8
S-7 277.3+41.1 181.9+48.6 181.9+486 <0.5 476.7£125.7 82.6%17.0 26x1.0 104.1+25.4
S-8 274.9+14.3 129.3+x15.4 211.1+115 <05 431.4+27.1 69.7£3.7 <05 180.9+38.8
S-9 136.8+9.0 136.7+4.3 241.1£18.7 <05 501.9+£36.9 405.7£35.2 7.2+2.3 57.5£6.8
S-10 142.6+6.5 169.1+£7.5 285.2£0.8 <05 521.3t11.6 81.1£8.2 5.7x1.0 165+11.9
S-11 169.3+x16.1 72.0+459 143.3+90.8 <05 316.1£97.6 66.0£25.4 3315 29.9+22.4
S-12 158.2+25.0 113.0£35.9 161.6+35.1 <05 243.9+80.8 45.6+24.7 <05 147.0+40.6
S-13 168.4+23.3 162.7+47.4 231.0+83.1 <05 380.4+£16.3 126.3£31.9 <05 137.2+374
East S-14 202.6£25.0 165.8+24.1 309.4£98.9 <05 416.0£127.5 90.4+6.9 <05 391.7£52.1
S-15 188.632+0.97 129.29+7.95 291.78+16.17 <05 400.46+40.37 69.39+6.25 4.82+4.16 284.95+3.79
S-16 204.15+3.04 175.48+2.95 284.89+21.81 <05 240.94+8.37 92.70£9.65 6.41+£3.63 268.92+4.92
S-17 172.01£0.78 153.49+£0.53 294.63+1.11 <05 465.42+1.61 68.05+0.56 7.16£1.02 257.84+0.34
S-18 185.04+£1.09 151.1616.61 312.70+10.81 <05 458.09+21.2 61.9+3.09 6.43+0.71 234.15£2.71
West S-19 182.12£0.30 160.57+0.67 210.11+0.98 <05 382.49+0.92 63.62+0.31 6.67£1.63 197.71+0.63
s S5-20 209.22+0.78 138.33+£3.02 187.28+£12.70 <05 292.04+15.34 67.02£3.67 8.08t1.77 271.55£2.06
North S-21 213.36+0.19 129.64+£0.64 187.93+£7.71 <05 379.63+8.89 56.58+0.55 3.66+£0.29 262.46+0.59
Jeon-buk S-22 26.70+1.42 84.60+1.73 10.16+3.20 <05 1,034.03£60.3 61.17£14.88 11.36%£2.36 134.48+3.61

,51,



(1) vIYE(Vanadium) A ¥

2 dAFdA e A9, A48 A3gold o viu-E(Vanadium) g 42 3%
€ Fig. 12¢] “Yebilt E7AQ mzZeote] A§- whEd o] 1182 ~ 277.3
mg/Le] HAE EAHJCH, FFAFY B¢ 1426 ~ 2042 mg/Le HAE F4
Ak E3 AEAY 8 ERAGAE 747 1821 ~ 209.2 mg/L Z 2134 mg/L

o RESE 402 2N FFHoE 2aeold At 200 mg/Le whiE A4

#9, A2 AN £0F BB ARAAE %675 mg/lLez EAH A
zameole] Hd whE Aol B

(Picrite basalt)ell A 2] vlvg TS HTHS=Z 100 ~ 310 mg/Lelx, &Y &
7 (Olivine basalt)oll A &= ~ mg/Lel S H, Volcanic asholl A& o4
o7 215 mg/Le] ¥UEAL S TS AoE Bt ol A543} vl
B AFA G 2ot SFE vhEFEFS sHkdsdl o 449 AF
FUA FAHEEY AETFOE AdHT
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UE AE9 7198 2487 98k AHE A (Magnetite), 34 (Pyroxene) 59 944
¥

$2292 Bo s 24 BHE 2AE 2%, Aned whbE 4R $42
o HUBEOE AT ATL(BasalD ALY FHoNN /) Ased $Y Ao Bu
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Fig. 12. Variations of dissolved vanadium concentration of each Scoria.

(The information of sampling location is shown in Table 1.)
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412. AET+FE 2 54

1) v A H(BET) &4

2 A7l AREE BEA 2Fgetd YRR wE Sded FHASAHE A

2P s3golE AAHOZ HEHAF 99 ~ 1776 mYgd HHYZ AT
Atk FZA AAS W EXQE (S-16)9A 1776 mY/go & g Eokom wo
S-17 682 m7/g% L, 7FNLE (S-20)2 618 mYg , MLE(S-15)

397 m¥/g, &Eo] LB(S-14)L 307 mY/g £o8 B FL R
N ZZolo| A g5e 2T olEel A 31 ~ 274 mY/ge] WYY HFHH] B
AHAT AAXZ AL A9 At 22 A FJ5E SYHE 294 ~ 296 m)d
A 274 mY/go2 EAEH g Egton MAX FAT A9 S-5(AE 236 ~
239 m) 2FZZ okl A 220 m¥/g, AAE FAL AY S-1AHE 107 ~ 111 m) 22
gotell A 117 m*/g =22 BEHH o] EAEAT, E, FEAD F7 299
A g 22 A BgE 2= ol ABME S-10AE 18 ~ 21 m) AEAM 6.1
m?/g, S-10(AE 250 ~ 254 mA 2L 6.1 mY/g, S-13(AE 53 ~ 56 molHE

43 m¥g w02 BAHC A 4R zaeold FHE AAZ Age 4R 2
sgotzol $RAGe A¥ s;obr AR JUHOE e wEAH F
A= 5k,

@9, vt doE QT A ARAAE MEBH) 005 mY/gEA, 1 @
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Fig. 14. BET specific surface area(m*g) of the scoria(S-22 indicated the

granite sample).
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Table 7. Sampling locations for measuring porosity of the scoria

Site NO Sample ID Depth (m) BET (m%/g)
1 S-1 107~111 11.74
2 S-2 136~139 522
South area
3 S-3 142~145 3.94
4 S-4 180~185 17.25
5} S-13 h3~56 43
6 S-16 0~5 17756
East area
7 S-17 0~5 68.2
8 S-18 0~5 119
West area 9 S-19 0~5 10.22
North area 10 S-21 0~5 1551
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Fig. 15. Meso pore size distribution curves for each scoria. Meso pore volume

and diameter are measured by BJH method.

_60_



Mg

[9ap/(Om/m)p] swnion a10d
wv
[9ap/(Om/m)p] swnion a10d

[9ap/(Om/m)p] swnjon s10d

16

16

16

Pore Diameter(A°)

(5-3)

Pore Diameter(A°)

Pore Diameter(A°)

(S-1)

(S-2)

[9ap/(Om/am)p] swnjon si0d
[9ap/(Om/m)p] swnjon 104

[9ap(Om/m)p] swnjon siod

16

16

16

Pore Diameter(A°)

Pore Diameter(A°)
(S-16)

(5-13)

Pore Diameter(A°)

(5-4)

=

Y

[9ap/(Om/m)p] swnjon si0d
W,
[9ap/(Om/m)p] swnjon s1od

[9ap/(Om/am)p] swnioa si0d

16

16

16

Pore Diameter(A°)

Pore Diameter(A°)
(5-19)

(5-18)

Pore Diameter(A°)

(S-17)

030

[9ap/(Om/am)p] swnioa si0d

000

16

Pore Diameter(A°)

(5-21)

stribution curves for each scoria. Micro pore volume

icro pore size

Fig. 16. M

and diameter are measured by HK method.

_61_



(3) "+ AlF =Z7](Mean pore diameter)

2@golel] £F31 e Ho ATAVIE FHAE Hd AFE7](Mean meso
pore diameter) ¢ " AF HT AF=Z7](Mean micro pore diameter)S 434S
o, A AFZ7E 33 Z2HE Table 8 YeEPHAT SUAZT i AlF=
715 2885 ~ 4241 A o2 vHluwA HE HHR AU uANF Ht 7
TR 1297 ~ 1417 A o2 SAHAY HxHA el Mg =4 SHHNE

& 23got ANES-16)AAE B vAAT277E 1297 Acs 7HE ZA

9, AFBEANN AAP G2E 0F 23720HS WARANE FUAT
o] H AFA7] 2 vAFY HT NFAVIF 4 4241 A 2 1417 A 0 &

Table 8 Comparison between mean meso pore diameter and mean micro pore
diameter

Item S-1 S22 S-3 S4 S-13 S-16 S-17 S-18 S-19 S-21

Mean
micro pore
diameter
(A)

13.67 1366 14.01 1393 1333 1297 1417 1347 1399 14.34

Mean
Meso pore
diameter
(A)

2885 29.69 2888 2892 31.06 3oo6 3818 3932 374 4241
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(Scanning electron microscope, SEM)
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Fig. 17. The photograph of scoria by scanning electrons microscope.
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Fig. 17. The photograph of scoria by scanning electrons microscope
(Continued).
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Fig. 18. Comparison between BET specific surface area and cation exchange

capacity of scoria.
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BAEA0om 930 ~ 1,009 cm ' AL EAHE BE7E 2FEel FAR
24 F P =2 TEE AYIHSIO) Aol TFE #A57IEA Si-0° 93 Al

Fo2 Si-O M’ (M=Metal ions) Fe]e] #57] a7 245 AHDepci et
al, 2011 ; Selvaraj et al., 2005). T3 2100 ~ 2360 cm ' band H2f|A 2HE
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Fig. 19. FT-IR spectrum of scoria.
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Fig. 20. Variations of heavy metal removal ratio during the operation

time(Sampling area: South, Concentration of heavy metal ions:
10 mg/L).
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Fig. 21. Variations of heavy metal removal ratio during the operation time
(Sampling area: East, Concentration of heavy metal ions: 10 mg/L).
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Fig. 22. Variations of heavy metal removal ratio during the operation time

(Sampling area: West and North, Concentration of heavy metal ions: 10 mg/L).
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Fig. 23. Effect of concentration on the removal of the heavy metal ions

(Sampling area : South).
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Fig. 24. Effect of concentration on the removal of the heavy metal ions
(Sampling area : East).
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Fig. 25. Effect of concentration on the removal of the heavy metal ions
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Fig. 26. Effect of amount of scoria on the removal of the heavy metal ions
(Sampling area: South, Concentration of heavy metal ions : 10 mg/L).
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Fig. 27. Effect of amount of scoria on the removal of the heavy metal ions

(Sampling area: East, Concentration of heavy metal ions : 10 mg/L).
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Table 9. The amount of heavy metal adsorbed onto scoria at equilibrum

Sample — Qe (mf/ g) _
Cr pb” Ni
S-1 0.32 0.48 0.28
S-2 0.10 0.47 0.14
S-3 0.15 0.48 0.19
S-4 0.27 0.45 0.11
S5-5 0.49 0.49 0.45
S5-6 0.34 0.49 0.25
S-7 0.20 0.47 0.44
S-8 0.48 0.49 0.39
S-9 0.08 0.49 0.17
S-10 0.04 0.47 0.11
S-11 0.28 0.49 0.27
S-12 0.10 0.47 0.08
S5-13 0.02 0.48 0.14
S-14 0.24 0.48 0.14
S-15 0.26 0.50 0.20
S-16 0.50 0.50 0.43
S-17 0.50 0.50 0.45
S-18 0.47 0.50 0.33
S-19 0.46 0.48 0.22
S5-20 0.48 0.28 0.03
S-21 0.34 0.48 0.24
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Table 10. Evaluation of applicability of the adsorption isotherms

Langmuir isotherm

Freundich isotherm

Samol Heavy ) X
ample - atal correlation correlation K Un
coefficient(r”) coefficient(r”)
51 Crt 0.903 0.956 0.442 0.316
Ni*~ 0.801 0.858 0.229 0.390
- Cr’ 0.791 0.783 0172 0.203
NiZ 0.638 0.764 0.111 0.455
<3 Cr’ 0.806 0.801 0.127 0.347
Ni*~ 0.719 0.790 0.149 0.399
54 Cr’ 0.177 0.625 0.182 0.256
Ni*~ 0.646 0.770 0.089 0.447
55 Cr 0.562 0.997 0.485 0.324
Ni* 0.421 0.742 0.123 0.326
s 6 Cr” 0.625 0.726 0.231 0.310
Ni* 0.822 0.851 0.210 0.353
o7 Cr” 0.654 0.546 0.119 0.614
Ni* 0.809 0.796 0.059 0.915
<8 crt 0.581 0.815 0510 0.187
Ni* 0.493 0.760 0.453 0.258
g Cr” 0.462 0.877 0.081 0.431
Ni* 0.776 0.860 0.145 0.389
S-10 Ccrr 0.705 0.927 0.065 0.440
Ni* 0.670 0.767 0.094 0.425
S-11 Ccrr 0.132 0.641 0.102 0512
Ni* 0.826 0.746 0.269 0.336
S-12 Ccrr 0.317 0.841 0.051 0521
Ni* 0.635 0.773 0.083 0.443
<13 Cr” 0.527 0.862 0.031 0.687
Ni* 0.670 0.798 0.135 0.380
g4 O 0.890 0913 0.154 0.437
Ni 0.698 0.812 0.108 0.440
S-15 Cr” 0.620 0.705 0.202 0.312
Ni” 0.812 0.815 0.200 0.323
S_16 Cro 0.881 0.816 0.156 0.400
Ni’ 0.456 0.820 0.165 0.321
17 Cr” 0.951 0.943 0.184 0.415
Ni* 0.770 0.846 0.184 0.353
s 18 Cr” 0.590 0.616 0.363 0116
Ni* 0.744 0.783 0.336 0.306
S 19 Cr” 0.574 0.844 0.148 0.412
Ni* 0.952 0.979 0.150 0.427
o0 crt 0.551 0.521 0.045 0534
Ni* 0.663 0.621 0.038 0.630
o1 Cr” 0.549 0.255 0.310 0.276
Ni* 0.805 0.845 0.185 0.366
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Table 11. The correlations matrix between removal ratio of heavy metal and physicochemical properties

Renroval Renoval Renovel 3 fean Vean Mesopore  Mcaopae Mesopore  Micropore BET
Correlations ratio of ratio of ratio of 12 ; g volume vohure area area (m e%?l%o ) 5
oo wee  Ni"es N A)i’ere‘ W e @i o o) (m7/g)
Removal ratio of B
G*(%)
Renoval ratio of sk
o %9 0.876
Renoval ratio of sk -
NiZ (99 0.876 0.967
Mean micropore _ o e %
diameter( A) 0.732 0.819 0.794
Nemkspat 0510 0535 0464 -0.247
Volﬁne(cm o) 0.569 0.593 0.666 -0.847"
l\’i(jqx]'e _x % = _ s s
N p— 0.635 0.697 0.738 0.941 0.069 0.963
afea(m‘/g) 0.256 0.556 0622 -0.845" -0.125 0992 0965
Micronore ——— g % o s s o
area(rr%(}g) 0.575 0.654 0.687 -0.918 -0.03 0.974 0.990 0.977
(meg/100g) 0.682 0.782 0.857 -0.848 0.148 0.882 0.901 0.860 0.893 -
(E;/rg) 0.506" 0577 05517  -0913" -0.003 0977  0987" 0984™ 0.998™ 0.892" -

1t pearson orrelation coefficient(™ p<0.01, * p<0.03).
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Fig. 32. Plots of pseudo—first-order adsorption kinetics model(Continued).
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Table 12. The rate constants and q. calculated from the first-order and

second-order rate equations for sorption of heavy metals on to scoria

Pseudo—first order Pseudo-second order Experimental
Sorbent  Sorbate
i R’ ks R’ o ae(mg/g)
(mg/g)
crr 0.0013 0.9803 0.0001 0918  0.342 0.324
S-1 Pb” 0.0069 0.6788 0.0044 09993  0.468 0.482
Ni*” 0.0041 0.9856 0.0004 09971 0.2%4 0.282
crt 0.0076 0.9964 0.0442 09975 0512 0.493
S-5 Pb” 0.0049 0.56415 0.09 0.9993 0.47 0.46
Ni*” 0.01 0.8545 0.06 0.9989 0.46 0.45
crr 0.0011 0.8175 0.0002 09271  0.370 0.341
S5-6 Pb* 0.0063 0.6452 0.0044 09993  0.468 0.486
Ni* 0.0038 0.8885 0.0004 09984  0.252 0.246
crt 0.002 0.7824 0.001  0.9800 0.52 0.48
S-8 Pb” 0.004 0.3506 3.23 1.000 0.49 0.49
Ni* 0.002 0.8129 0.05 0.9952 0.39 0.39
crt 0.006 0.7599 0.05 0.9973 0.52 0.50
S-16 Pb” 0.004 0.4198 2.82 1.000 0.50 0.50
Ni* 0.007 0.9885 0.09 0.9993 0.43 0.43
crt 0.0054 0.8137 0.0837 09993  0.507 0.497
S-17 Pb* 0.0047 0.6275 2.147 1.000 0.499 0.499
Ni* 0.0043 0.8937 0.1470 09998  0.449 0.445
crr 0.0035 0.9672 0.0012 09839 049 0.478
S-18 Pb* 0.0015 0.1750 0.0395 09998  0.496 0.499
Ni* 0.0022 0.7547 0.0011 09978  0.331 0.333
Ccr” 0.0033 0.8947 0.0023 09981 0487 0.476
S-19 Pb* 0.0041 0.5625 0.0368  1.000 0.482 0.482
Ni* 0.006 0.9099 0.001 09997 0.226 0.223
Ccrr 0.0019 0.9736 0.00023 09611  0.367 0.341
S-21 Pb” 0.0065 0.6472 0.0698  1.000 0.479 0.478
Ni* 0.0019 0.5937 0.0003 09901 0.234 0.238
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4.2.7. N5 32w 9 (Intraparticle diffusion)
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Fig. 34. Intraparticle diffusion kinetics for adsorption of scoria.
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Table 13. Parameter of intraparticle diffusion model

First linear

at Second linear part Third linear part
D
Sample Sorbate
k k> k
—11 . 12 —19 . 12 R2 —13 . -1 R2
(mg'g min ) (gg 'mn ) (mg'g "min )
cr 0.0178 0.0075 0.9806 0.0036 0.9731
S-1 Pb* 0.0637 0.0076 0.8862 9x10°° 0.5152
Ni 0.0212 0.005 0.9909 0.0011 0.9387
crr 0.0383 0.0084 0.8874 0.0002 0.8042
S-5 Pb* 0.0672 0.0078 0.9680 0.0012 0.7242
Ni 0.0212 0.0087 0.9745 0.0007 0.7913
crr 0.0174 0.0085 0.9350 0.004 0.7913
S-6 Pb* 0.0694 0.0022 0.8705 0.0002 0.8042
Ni“ 0.0193 0.0060 0.9937 0.0003 0.4284
cr 0.0225 0.0095 0.8682 0.0046 0.7884
5-8 Pb* 0.0819 0.0003 0.5126 4x10° 0.9976
NiZ 0.0283 0.0064 0.9395 0.0007 0.6211
crr 0.0333 0.0085 0.9641 0.0001 0.7063
S-16 Pb* 0.0894 0.0001 0.8252 4x107 0.9970
Ni 0.0376 0.0064 0.9875 0.0002 0.8182
crr 0.0398 0.0089 0.8414 0.0002 0.9674
S-17 Pb* 0.0837 0.0003 0.8395 5x107 0.7913
Ni~ 0.0461 0.0032 0.9155 0.0005 0.9998
crr 0.0294 0.0099 0.9516 0.0 1.000
S-18 Pb* 0.0887 0.0002 0.9473 3x107 0.7467
Ni 0.0295 0.0036 0.8540 0.0009 0.8051
crr 0.0297 0.0098 0.9120 0.0018 0.9976
$-19 Pb> 0.0725 0.0023 0.5978 0.0002 0.9978
Ni 0.0197 0.0017 0.7181 0.0002 0.8539
crt 0.0150 0.0087 0.9984 0.0009 0.7063
S-21 Pb> 0.0753 0.0058 0.6733 3x107° 0.7913
NiZ 0.0171 0.0042 0.7863 0.0008 0.9123
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Fig. 35. Effect of the adsorption time on the removal of the heavy metal ions

in fixed bed.
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Fig. 35. Effect of the adsorption time on the removal of the heavy metal ions
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Fig 36. Effect of the adsorption time on the removal of the heavy metal ions
in fixed bed(mixing solution: Cr’ 3 mg/L, Pb* 3mg/L, Ni 3 mg/L).
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44.1. 3154 €% (Batch mineral dissolution test)
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Table 14. The results of water-rock interaction in major elements

Element Unit Mean+SD F P
Na (mg/kg) 134.9+245°
Mg (mg/kg) 12.9+9.8%
Ca (mg/kg) 24.3+12.7° 48139 0.001
K (mg/kg) 18.1+11.3°
SiO9 (mg/kg) 199.8+80.5°

¥ p<.0d xx p <01 *xx p<001

. Duncan’s multiple range test at p<0.05

Table 15. The results of water-rock interaction in trace elements

Element Unit Mean SD  Maximum Median Minimum

Y% (ug/kg) 610.0 2585 844.8 742.8 189.6
Cr (ug/kg) 382 10.8 64.8 35.0 272
Co (ug/kg) 144 89 25.6 15.2 0.8

Ni (ug/kg) 40.9 22.3 69.6 50.0 1.6

Sr (ug/kg) 371.9 188.3 726.0 336.0 102.0

Rb (ug/kg) 36.4 23.7 75.2 32.6 4.4

Cu (ug/kg) 285 26.9 76.4 17.2 32

Ba (ug/kg) 219.0 114.2 385.6 194.0 30.4

As (ug/kg) 9.2 5.7 19.6 96 04
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element and trace elements after 30 days.
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Table

16. Comparison of mineral

compositions of scoria and dissolution elements after 30 days

dissolution

ratio between

chemical

Sam

ple

Na

Mg

Ca

K SiO:

\Y%

Cr

Ni

Sr

Rb

Cu

Ba

Unit : %

Unit : %

S-1

S-2

S-3

S-4

5-13

S-16

S-17

S5-18

S5-19

S-21

1.29

1.30

1.13

1.31

0.83

2.20

1.25

0.93

1.58

0.05

0.02

0.04

0.17

0.04

0.01

0.01

0.03

0.05

0.02

0.05

0.02

0.03

0.11

0.04

0.05

0.04

0.04

0.04

0.03

0.33

0.27

0.27

0.59

0.16

0.72

0.31

0.21

0.51

0.28

0.07

0.03

0.05

0.03

0.06

0.04

0.03

0.06

0.02

0.37

0.14

0.37

0.25

0.31

0.46

0.41

0.48

0.10

0.46

0.03

0.03

0.02

0.04

0.04

0.02

0.01

0.02

0.01

0.03

0.04

0.13

0.10

0.12

0.08

0.09

0.02

0.04

0.05

0.01

0.11

0.12

0.09

0.07

0.04

0.02

0.07

0.06

0.04

0.04

0.11

0.25

0.15

0.14

0.10

0.09

0.20

0.21

0.08

0.15

0.06

0.03

0.19

0.06

0.07

0.11

0.08

0.19

0.17

0.01

0.13

0.04

0.06

0.00

0.04

0.00

0.06

0.08

0.03

0.04
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Table 17. The results of water-rock interaction in major and trace elements

at continuous mineral dissolution test after 30 days

Element Unit Mean SD Maximum  Median  Minimum
Ca (mg/kg) 64.1 134 0.1 61.2 459
K (mg/kg) 28.8 9.5 39.6 315 17.1
Na (mg/kg) 22.2 6.6 80.1 61.2 459
Mg (mg/kg) 26.6 6.5 33.3 28.4 16.2
Si0o (mg/kg) 514.5 346.9 1235.7 405.5 2115
A% (ug/kg) 68.7 33.7 129.6 594 33.3
Cr (ug/kg) 1634 17.3 186.3 164.3 142.2
Co (ug/kg) 14 3.8 10.8 0.0 0.0
Ni (ug/kg) 76.2 9.0 92.7 75.6 63.9
Sr (ug/kg) 538.3 157.7 765.9 45.7 315.0
Rb (ug/kg) 75.0 40.8 136.8 83.3 9.0
Cu (ug/kg) 39.8 19.7 66.6 37.8 9.0
Ba (ug/kg) 1319 162.9 5184 54.0 43.2
As (ug/kg) 9.1 89 29.7 6.3 2.7
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