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Adsorption Characteristics of Cheju Scoria for the Removal
of Heavy Metals

Cho young woo

Department of Construction and Environmental Engineering
Graduate School of Industry

Cheju National University

Supervised by Professor Sang-Kyu Kam

Summary

This study was conducted to inquiry into the possiblity of a scoria,
which is found in large amounts in Cheju Island, as an adsorbent of
heavy metal ions in an aspect of its efficient utilization. For this
purpose, the scoria was sampled at five areas(Cheju-shi Bonggae-
dong(A), Pukcheju-gun Hanlim-eup = Sangmyong-ri Mangoreum(B),
Pukcheju-gun Hanlim-eup Keumag-ri(C), Namcheju-gun Andeog-myun
Dongkwang-ri(D) and Pukcheju-gun Kujwa-eup Songdang-ri(E)),
representatively, the adsorption characteristics of heavy metal ion with
scoria species, heavy metal ion, paricle size of a scoria, scoria weight
and pH in the single solution and in the mixed solution was
investigated, and the parameters related to its adsorption were
obtained. The results obtained from this study were summarized as
follows:

1. Heavy metal uptake by a scoria decreased in the following
sequence among scoria species and it showed a high correlation with a
cationic exchange capacity(CEC) and surface area, i.e., The scoria with
a higher CEC and surface area, showed a higher heavy metal uptake :
A>E>D>B>C

2. Heavy metal uptake by a scoria decreased in the following
sequence among heavy metal ions and this result was considered due
to the complex interaction such as each ionic selectivity for the



adsorption site of a scoria , the radius, hydration radius and hydration
energy of each ion : Pb*>Cu®, Cr’">Cd* >Sr**>Mn?">Fe**, Cs"

3. With decreasing particle size of a scoria, the uptake and
adsorption rate of heavy metal ion increased.

4. With increasing scoria weight, heavy metal uptake decreased but
its removal efficiency increased.

5. In the mixed solution, each heavy metal uptake by a scoria
decreased than in the single solution but total heavy metal uptake
increased, and especially, the uptakes of cesium and manganese
showing a low uptake in the single solution, did not occur.

6. Each heavy metal uptake by a scoria in the mixed solution,
showed the same trend in the single solution except for ferric ion, and
the uptake of the latter was very high, which was considered due to
the reaction of a precipitate formation of ferric hydroxide with
increasing pH.

7. In the range of initial heavy metal concentration 0.1~1.0 mmol/L,
each heavy metal uptake by al 'scoria was described by Freundlich or
Langmuir equation except for ferric ion, but it followed the former
better than the latter.

8. The adsorption rate of heavy metal ion by a scoria, showed the
same trend as the uptake obtained among scoria species, heavy metal
ions and particle sizes of a scoria, and was supposed depending on the
diffusion rate into the pore of a scoria.

9. The effective diffusion coefficient showed a higher linearity with

initial concentration and equilibrium concentration of heavy metal ions.
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2 AN FF5E FHARE AFES scoriav AlFE A Aol AbAlstar 9l
AL, AY g Az whel ZsketA 540l d2ug tixAom H7f A el A
AMFAFR o, ol5] A B AMZL Table 13

5 ] AF g & o] A4S 105TAA dAA

A2 =71E 35/80, 100/170

skdar, Fat YA 27 0270, 0.109 %
0.018 mm ©] At

2 A AFgd" FaE o2 AldrichAl AlEF9 Cu(NO3): - 3H:0,
Pb(NO3)s, Cd(NO3); « 4H;0, Mn(NOs3)s + 6H20,  Sr(NOs)s, CsNOs;, Fe(NOs)s -
9H:0 % Cr(NO3); - 9H.05 AH&StR on, 718t Ak Al# 55 52 4+ Al
ofS AbEstth TEE5 B9 Axe ol SHFE EZTdAE 4 TH
& oo tial 5 mmole/L= ZAF F Z}7Z} 0.1~1.0 mmole/LE 2] A}ste] A}

$3siet.

Table 1. The sampling regions and colors of Cheju scorias

Symbol Sampling region Color

A Cheju—shi Ponggae-dong Dark gray

Pukcheju—gun Hanlim-eup Sangmyong-ri

Yellowish brown
Mangoreum

Pukcheju—-gun Hanlim-eup Keumag-r1i Reddish brown

Namcheju-gun Andeok-myun Dongkwang-r1i| Reddish brown

oo O] @

Pukcheju-gun Kujwa-eup Songdang-r1i Reddish brown
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Spectrometer& AF&3le] A 40 KV, %
T A&l BETH (Greggel Sing, 1982)2Z N

Scoria®] ¥ WA &
38 2(CEC)2 1M CH3COONH, W (Page, 1985)2

Table 2. Analytical condition of XRD

) Start Stop Scan Step
Target Filter Voltage|Current ]
angle angle speed size
Cu |Monochromator 5° 50° 35KV | 30mA | 2°/min | 0.050

TaE FF A¥Ee dALFY scoriad e
mmol/Le] 7} < &9 500mLE 7hsf wnbsbAM S ds dsklvh Al
A AP kg 2mLe] AlEE AF S ol & AT 7I(VS-4000)E5 ©] &3]
4000rpm o7l A 102E St R §F dAdSe 55 v 24 AET

oo wEAY] s F2xE ARESte] 20T A SRR FAAA

< AF&3ske] pH 2,
Aol o oz e Eet)
~1.0 mmol/LE ®}¥o] 7} 2 =

el kS Fabe] 274 %W (Fogler, 1992)0 2
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Fig. 1. XRD patterns of Cheju scorias used in this study
(P1, Plagioclase ; Py, Pyroxene ; H, Hematite).
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Table 3. Chemical compositions of Cheju scorias

Chemical composition (%)

Scoria —— . ¥
SIOZ Alzo:g Fezo:; CaO MgO Kzo Nazo TlOz MnO P205 LOI

A 4175|1716 | 15.10 | 828 | 6.14 | 098 | 2.36 | 3.23| 0.19 | 0.63 | 3.80
B 4340|1271 | 1399 | 945 |11.63| 1.89 | 290 | 2.62 | 0.16 | 0.51 | 0.57
C 4635|1789 |14.01 | 846 | 3.84 [1.43| 3.34 | 2.74 | 0.18 | 0.69 | 0.78
D |4748(16.93 | 13.00 | 745| 4.37 | 163 | 3.54 | 2.65| 0.16 | 0.64 | 1.65
E 4647|1621 | 13.88 | 746 | 462 | 1.73| 354 | 2.95] 0.15 | 0.54 | 2.02

LOT": Loss on ignition

Table 4. Surface area and CEC of Cheju scorias

Scoria Surface area(m®/g) CEC(meqg/100g)
A 99 6.12
B 53 3.36
C 32 3.08
D 31 412
E 38 4.35

_11_



mmol/LE W3lA 7131 A7t & % W3S xAsEth Scoria A9l pH 4,
5% pHE XA4sA & &doA v% WstE Fig. 20 Yefuidich 28l A
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Fig. 2. Concentration profiles with initial solution concentration for the
adsorption of copper ion by scoria A at pH 4(a), 5(b) and nonadjusted
pH(c) (scoria weight : 5.0g/500mL ; particle size : 200/+ mesh).
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Fe’ o] o2 w7,
%

g F357] gl A

Table 5. The radii, hydration radii and hydration energies of ions

C W e Hydration Hydration
fon Radius™(A) radius” (A) energy” (KJ/mol)
Cs’ 1.83 3.06 308.4

Cu* 0.87 2.11 2068.6
Pb* 1.33 257 1503.3
cd” 0.97 - -

Sr* 1.32 2.45 1466.1
Mn?* 0.97 2.19 1904.1
Fe* 0.79 2.07 4309.5
cr’ 0.64 - -

a) From Shannon(1976) b) From Matsuda and Notoya(1982)

B

t}. Scoria® A A7) W2 FHdE S EA

Scoria®] Azt A7) WE F2E o)L B AW Y| 9sle] T
Cu”' ¢} Pb* o] 29 %7] ¥% 04 mmol/Lel W3] scoria A9l %< 50goz o
AskAl st YAkel =71E 35/80, 100/170 B 200/+ mesh] 3EFZ @] sto]
THE oo A wE Lk Wstel WY FAFe AF 23S Fig 7, 8
f ‘%H'Lﬂﬁﬂq. Tl A EC%X]‘; ulol o] QAxpr} AS = A o)L B

H
Fol mot A&sA APIS ¢ & Aok & WA A/b A25F BAHo]
A

AtE ¥ T o] 7:]3’]'1_ F 5199R)] HA Aol EQ NH, o] wdh yhgojA
QAo 277k L5 NH) ol 29 ol & m@ 5 2 o] & wd §o| 37}

2}, Scoria®] %o wWE F=3& T3 EA
Scoria®] F#Fel w2 Fas4H FH4Y 2 AALEES HAESZ] st Cs,

Cu®, Pb*, Fe* 9] %7] ¥ % 0.6 mmol/Lol W3] scoria Al %< 25g, 50g 2
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Fig. 7. Concentration profiles with particle size for the adsorption of copper

and lead ions by scoria A at nonadjusted pH(scoria weight
: 5.0g/500mL).
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Fig. 9. Effect of scoria weight on the uptakes of heavy metal ions by scoria

A(particle size : 200/+ mesh ; copper ion concentration : 0.6 mmol/L).

_24_



0.05
—0—Cs+ —i— Cu2+ —h— Pb2+
—O—Cd2+ —{1-Sr2+ ——Mn2+
——Fe3+ —¥—Cr3+
0.04 |
:'r» 0.03
©
£
E
S 0.02 |
0.01 F
0 R ) ) 2 2
2 3 4 5 6 7 8

Fig. 10. Effect of pH on the uptakes of heavy metal ions by scoria A (scoria
weight : 5.0g/500mL ; particle size : 200/+ mesh ; initial heavy metal

concentration : 0.4 mmol/L).
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Pb® >Cu® >Cd* >Sr* >Mn”' o] &olgith Pb*'e ©d oA Farako] 0.020
mmol/g ¢ E3 fdo = 0016 mmol/glE ZHAstd ey, scoriadl <&
B2 AA o] L9 %S 0042 mmol/glE wd gl HlE EolHS &

AT o= dA e 27 FE WS EHojA = wH)

Table 6. Comparison of heavy metal uptakes by scoria A in the single

and mixed solutions for divalent ions

ge(mmol/g)?
cu® Pb*' cd* s Mn?

b)
Sum

Single Mixed Single Mixed Single Mixed Single Mixed Single Mixed
0.018 0.010 0.020 0.016 0.017 0.009 0.014 0.006 0.012 0.001  0.042

a) Heavy metal uptake(qe) is calculated using 5.0g of scoria A with the size of

200/+ mesh for the solution containing each heavy metal concentration of
0.2 mmol/L.

b) Sum of each heavy metal uptake in mixed solution

Table 7. Comparison of heavy metal uptakes by scoria A in the single and
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mixed solutions for all heavy metal ions used in this study

a(mmol/g)”

Cs' Cu”’ Pb* Cd™
Single Mixed Single  Mixed Single Mixed Single  Mixed
0.008 0 0.018 0.005 0.020 0.013 0.017 0.004

a(mmol/g)”

Sr* Mn** Fe cr”

Single Mixed Single Mixed Single Mixed Single Mixed
0.014 0.003 0.012 0 0.018 0.009 0.019 0.008

a) Heavy metal uptake(q) is calculated using 5.0g of scoria A with the size of

200/+ mesh for the solution containing each heavy metal concentration of

0.2 mmol/L.
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Fig. 11. Copper ion adsorption isotherms for scoria A, B, C, D and E at pH

4(a), 5(b) and nonadjusted pH(c)(scoria weight : 5.0g/500mL ; particle
size : 200/+ mesh)
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Fig. 12. Freundlich adsorption isotherms of copper ion for scoria A, B, C, D
and E at pH 4(a), 5(b) and nonadjusted pH(c)(scoria weight :

5.0g/500mL ; particle size : 200/+ mesh)
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Fig. 13. Langmuir adsorption isotherms of copper ion for scoria A, B, C, D
and E at pH 4(a), 5(b) and nonadjusted pH(c)(particle weight :
5.0g/500mL ; scoria size : 200/+ mesh)
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Table 8. Freundlich and Langmuir isotherm parameters for the adsorption
of copper ion by scoria A, B, C, D and E at pH 4, 5 and
nonadjusted pH

Freundlich parameters Langmuir parameters
Scoria ) Qmax )
K 1/n ' (mmol/g) b '
A
pH 4 0.0137 0.1501 0.971 0.0126  60.84  0.956
pH 5 0.0285 0174 0972 0.0232 23526  0.958

Nonadjusted pH  0.0304 0.207  0.978 0.0298  267.30 0.945
B

pH 4 0.0039 0350  0.981 0.0040 7324  0.994

pH 5 0.0080  0.099  0.984 0.0077 6822  0.929

Nonadjusted pH  0.0085 0.102  0.938 0.0081  72.68  0.891
C

pH 4 0.0030 0278  0.986 0.0031  10.80  0.978

pH 5 0.0070. - 0.128 . - 0.985 0.0068 4148  0.966

Nonadjusted pH 00079  0.098  0.981 0.0074  52.01  0.969
D

pH 4 0.0046  0.278  0.985 0.0045 1155 0976

pH 5 0.0136  0.162  0.974 0.0125  50.01  0.967

Nonadjusted pH  0.0151  0.171  0.983 0.0138 5352  0.960
E

pH 4 0.0059  0.278  0.968 0.0058 1217  0.960

pH 5 0.0144 0153  0.979 0.0132 6329  0.958

Nonadjusted pH  0.0173 0186  0.976 0.0155  52.01  0.969
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Fig. 14. Adsorption isotherms of cesium(a), copper(b), lead(c) and iron(d)
ions at different pH values, and heavy metals ions at nonadjusted

pH(e) for scoria A (scoria weight : 5.0g/500mL ; particle size
© 200/+ mesh)
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Fig. 15. Freundlich adsorption isotherms of cesium(a), copper(b), lead(c) and
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Fig. 16. Langmuir adsorption isotherms of cesium(a), copper(b), lead(c) and
iron(d) ions at different pH values, and heavy metals ions
at nonadjusted pH(e) for scoria A(scoria weight : 5.0g/500mL

; particle size : 200/+ mesh)
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Table 9. Freundlich and Langmuir isotherm parameters for the adsorption of

heavy metal ions by scoria A

Freundlich parameters Langmuir parameters
Heavy metal ion ) a )
K 1/n T nax b T
(mmol/g)
Cs'
pH 4 0.0060  0.158 0.993 0.0058 29.64 0.946
pH 5 0.0122  0.275 0.990 0.0113 16.88 0.960

Nonadjusted pH 0.0200  0.403 0.987 0.0181 9.42 0.984
Cu®

pH 4 0.0137  0.150 0971 0.0126 60.84 0.956

pH 5 0.0285 0.174 0.972 0.0232 23526 0.958

Nonadjusted pH 0.0374  0.207 0.978 0.0298 26730 0.945
Pbh*

pH 4 0.0238  0.217 0.984 0.0199 36.16 0.960

pH 5 0.0366  0.141 0.992 0.0321  144.03  0.947

Nonadjusted pH 0.0473  0.042 0.996 0.0453 61501 0.936
cd”

Nonadjusted pH 0.0336  0.203 0.981 0.0259 19535 0.951
Sr*

Nonadjusted pH 0.0327 0311 0.983 0.0252 32.68 0.957
Mn*'

Nonadjusted pH 0.0288  0.361 0.985 0.0236 17.01 0.972
Fo¥

pH 4 0.0339  0.685 0.910 0.0547 51.34 0.873

pH 5 0.0673  0.707 0.953 0.0660 84.04 0.917

Nonadjusted pH 0.0187  0.082 0.504 0.0179 29712 0.933
cr”

Nonadjusted pH 0.0357 0.194 0.945 0.0296 17784 0.976
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Fig. 17. Adsorption isotherms of copper and lead ions with particle size for

scoria A (scoria weight : 5.0g/500mL)
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Table 10. Freundlich and Langmuir isotherm parameters with particle size for
the adsorption of copper and lead ions by scoria A at nonadjusted

pH
Freundlich parameters Langmuir parameters
Heavy metal ion K n E (mﬁ ;f/g) b 2
Cu”
200/+ mesh 0.0374 0207 0978 0.0298  267.30 0.945
100/170 mesh 0.0240  0.247  0.976 0.0199 44.08  0.935
35/80 mesh 0.0181 0213  0.979 0.0159 42.30  0.947
Ph”
200/+ mesh 0.0473  0.042  0.996 0.0453  615.01 0.936
100/170 mesh 0.0322 0224  0.988 0.0251  119.27 0953
35/80 mesh 0.0243 0241 0977 0.020 4692  0.949
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Fig. 18. Adsorption isotherms of cesium(a), copper(b), lead(c) and iron(d)

with scoria weight for scoria A at nonadjusted pH

(particle size : 200/+ mesh).
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Table 11. Freundlich and Langmuir isotherm parameters with scoria weight
for the adsorption of heavy metal ions by scoria A at nonadjusted

pH
Freundlich parameters Langmuir parameters
Heavy metal ion K U 2 (m?rrln ;i(/g) b 2
Cs'
2.5g 0.0230 0496  0.987 0.0238 4.66 0.984
5.0g 0.0200  0.403  0.987 0.0181 9.42 0.984
10.0g 0.0165  0.280 0.974 0.0147 17.66 0.937
Cu™
2.5g 0.038  0.179 0.984 0.0336 75.73 0.947
5.0g 0.0374  0.207  0.978 0.0298 26730  0.945
10.0g 0.0299  0.063 0.978 0.0271 210537 0.899
Pbh”
2.5g 0.0595  0.232  0.987 0.0473 77.66 0.957
5.0g 0.0473  0.042  0.996 0.0453 61501  0.936
10.0g 0.0460  0.103  0.957 0.0385 26726 0.8%4
Fe”'
2.5g 0.0229 0.086 0.815 0.0218 12738  0.863
5.0g 0.0187  0.082  0.504 0.0179 29712  0.933
10.0g 0.0161  0.089 0.816 0.0149  309.01 0.984
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: 5.0g/500mL ; scoria size : 200/+ mesh).

at pH 4, 5 and nonadjusted pH

Table 12. Adsorption rate of copper ion for scoria A, B, C, D and E

Scoria

Adsorption rate, ralmmol/g - min]

pH 4.0
pH 5.0
Nonadjusted pH

pH 4.0
pH 5.0
Nonadjusted pH

pH 4.0
pH 5.0
Nonadjusted pH

pH 4.0
pH 5.0
Nonadjusted pH

pH 4.0
pH 5.0
Nonadjusted pH

0.00127C./(0.09949 + C,)

0.00287C,/(0.22379
0.00379C,/(0.28680

0.00047C,/(0.13096
0.00111C,/(0.08254
0.00122C,/(0.06949

0.00031C,/(0.14379
0.00066C,/(0.0769
0.00078C,/(0.08175

0.00038C,/(0.17583
0.00073C,/(0.06929
0.00078C,/(0.07256

0.00056C,/(0.12241
0.00137C,/(0.10576
0.00148C,/(0.09904

+

+

Co)
Co)

Co)
Co)
Co)

Co)
Co)
Co)

Co)
Co)
Co)

Co)
Co)
Co)
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Table 13. Adsorption rate of heavy metal ions for scoria A at

nonadjusted pH

Heavy metal ion Adsorption rate, r,almmol/g - min]
Cs' 0.00207C,/(0.28168 + C,)
Cu®' 0.00379C+/(0.28680 + C.)
Pb* 0.00665C,/(0.54774 + C,)
ca” 0.00339C,/(0.25101 + C,)
S 0.00332C,/(0.29985 + C,)
Mn* 0.00294C,/(0.31060 + C,)
Fe”' 0.00143C,/(0.03157 + C,)
cr’ 0.00366C,/(0.25354 + C,)

_48_



ad

Adsorption rate, r

ad
3

Adsorption rate, r

3

[mmol/L-min]*10

[mmol/L-min]*10

a) Cu2+

A
A
® @ 35/80 mesh
W 100/170 mesh
A 200/+ mesh
0.2 0.4 0.6 0.8 1 1.2
Co
b) Pb2*
A A
A
@ 35/80 mesh
W 100/170 mesh
A 200/+ mesh
0.2 0.4 0.6 0.8 1 1.2
Co

Fig. 21. Comparison of adsorption rate of copper(a) and lead(b) ions

with particle size for scoria A at nonadjusted pH
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(scoria weight : 5.0g/500mL).
Table 14. Adsorption rate of copper and lead ions with particle size

for scoria A at nonadjusted pH

Heavy metal ion Adsorption rate, rf[mmol/g - min]
Cu™
200/+ mesh 0.00379C,/(0.28680 + C,)
100/170 mesh 0.00200C,/(0.19603 + C,)
35/80 mesh 0.00151C,/(0.15949 + C,)
Pb”
200/+ mesh 0.00665C,/(0.54774 + C,)
100/170 mesh 0.00321C,/(0.26845 + C,)
35/80 mesh 0.00251C,/(0.29065 + C,)
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with initial concentration of copper ion



for scoria A(a), B(b), C(c), D(d) and E(e) at nonadjusted pH
(scoria weight : 5.0g/500mL ; particle size : 200/+ mesh).
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Fig. 23. Relationship of qy/ge and Y2 with initial concentration of heavy metal

ion for scoria A at nonadjusted pH(scoria weight : 5.0g/500mL
; particle size : 200/+ mesh).
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Table 15. Effective diffusion coefficient as function of initial solution
concentration of copper ion with the scoria species at nonadjusted

pH
- Initial. Dy . Initial‘ DL
Scoria|concentration| k (cii/sec) Scoria |concentration| k (cri/sec)
(mmol/L) (mmol/L)
A 0.1 0.2656 | 3.32x10 " D 0.1 0.4167 | 8.18x10 "
0.2 0.4750 | 1.06x10°? 0.2 0.4621 | 1.01x10
0.4 0.5563 | 1.46x10°7 0.4 0.5606 | 1.48x10°
0.6 0.6125| 1.77x10™° 0.6 0.6061 | 1.73x10™
0.8 0.6625 | 2.07x10™” 0.8 0.6439 | 1.95x10”
1.0 0.7250 | 2.48x10°? 1.0 0.6818 | 2.19x10*
B 0.1 0.3810 | 6.83x10 " E 0.1 0.3750 | 6.62x10 '
0.2 05119 1.23x10™? 0.2 0.4875 | 1.12x10
0.4 0.5714 | 1.54x10 0.4 05313 1.33x10°
0.6 0.6190 | 1.80x10™” 0.6 0.5750 | 1.56x10
0.8 0.6429 | 1.95x10™7 0.8 0.6250 | 1.84x107°
1.0 0.6548 | 2.02x10 7 1.0 0.6375| 1.91x10*
C 0.1 0.3590 | 6.07x10 "
0.2 05128 | 1.24x10™?
0.4 0.6154 | 1.78x10 ™
0.6 0.6667 | 2.09x10™”
0.8 0.7051 | 2.34x10™
1.0 0.7308 | 2.51x10 7
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Table 16. Effective diffusion coefficient as function of initial solution
concentration of each heavy metal ion for scoria A at
nonadjusted pH

Heavy congg;ttljelltion k PL Heavy congg;lttl:;tion k PL
metal ion (mmol/L) (cm/sec) | |metal ion (mmol/L) (cm/sec)
Cs' 0.1 0.2941 |4.07x10 " S 0.1 0.2667 |3.35x10 "
0.2 0.42358.45x10 ' 0.2 0.4037 [7.68x10 1
0.4 0.6018 [1.71x10* 0.4 0.5185(1.27x10?
0.6 0.7118]2.39x10 ™ 0.6 0.6444 1.96x10*
0.8 0.7823 [ 2.88x10° 0.8 0.7037|2.33x10°
1.0 0.8235(3.19x10° 1.0 0.7407 [ 2.58x10*
Cu® 0.1 0.2656 3.32x10 [ | Mn* 0.1 0.2542 (3.04x10 "
0.2 0.4750 | 1.06x10 * 0.2 0.3875[7.07x10 1
0.4 0.5563 [ 1.46x10 0.4 0.5583 [ 1.47x10*
0.6 0.6125 | 1.77x10* 0.6 0.6625 [ 2.07x10
0.8 0.6625|2.07x10* 0.8 0.7167|2.42x10°
1.0 0.7250  2.48x10° 1.0 0.7792 | 2.85%10°
Pb” 0.1 0.2157(2.19x10 cr 0.1 0.3207 [4.84x10 "
0.2 0.4022 |7.62x10 " 0.2 0.4590 [9.92x10 1
0.4 0.4848 [1.11x10° 0.4 0.5344[1.35x10
0.6 0.6474|1.97x10™ 0.6 0.6230 [ 1.83x10 "’
0.8 0.7174|2.42x10° 0.8 0.6820(2.19x10°
1.0 0.7609 | 2.73x10° 1.0 0.7213 | 2.45x10°
cd” 0.1 0.3051 [4.38x10 "
0.2 0.4047 [7.71x10° "
0.4 0.5119(1.23x10 7
0.6 0.6169 [1.79x10°
0.8 0.6915 [ 2.25x10°
1.0 0.7288 | 2.50x10
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Fig. 24. Dependence of initial concentration of copper ion on effective diffusion
coefficient among scoria species at nonadjusted pH(scoria weight
: 5.0g/500mL ; particle size : 200/+ mesh).
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Fig. 25. Dependence of equilibrium concentration of copper ion on effective

diffusion coefficient among scoria species at nonadjusted pH.
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Fig. 26. Dependence of initial concentration of heavy metal ions on effective
diffusion coefficient among heavy metal ions at nonadjusted pH

(scoria weight : 5.0g/500mL ; particle size : 200/+ mesh). .
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Fig. 27. Dependence of equilibrium concentration of heavy metal ions on
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effective diffusion coefficient among heavy metal ions
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