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The removal of zinc from contaminated
dredged-sediments
by iron(IlD chloride solution

Kwon, Ohhyeok

Department of Ocean Energy & Resources Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Dredged-sediments increased to about 15million m* from 1998 to 2012 by
port construction, sediment reclamation and dredging business. Most of dredg
ed-sediments which are generated in Korea have been treated by Marine du
mping. However, there are increasing concern about contamination by heavy
metals in dredged-sediments. Therefore, it is required to remove heavy met
als from dredged-sediments.

The purpose of this study is to remove zinc from domestic dredged
sediments contaminated with ZnS using ferric chloride.

Consequently, leaching behavior of zinc was investigated under the followin
g leaching conditions; 40 and 90C in temperature, 0.25-1M in concentration
of ferric ion, 5-20% in pulp density, and 200-600rpm in stirring speed. Leac

hing efficiency of zinc increased with leaching temperature and ferric ion

- vil -



concentration. The leaching efficiency was 96.7% under the following conditi
ons; 400rpm, 80°C and 0.5M FeCls; in 1M HCI, and content of zinc in residue
decreased to 184mg/kg which meet Marine dumping regulations(Zn:200mg/kg).

The shrinking core model(Ash diffusion controlled) was investigated based
on the leaching results. Correlation coefficients were closed to 1 so that
model best fitted to the kinetic data. The activation energy for the leaching
process was found to be 64.1-76.9kJ/mol for 1-0.25M FeCl; respectively, and

that means leaching precess depends on chemical reaction.

KEY WORDS: Dredged-sediments &4 E; Heavy metal 55<; Zinc °o};

Ferric chloride ¢332 (ID; Shrinking core model(SCM) =33} x &l
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Table 1 Summary of London Convention and 1996 protocol
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Table 2 Marine dumping regulations in Korea. (Unit : mg/kg)

T A 17E A 271&
ds v I 3gE 370 80
ol = 11 S¥E 410 200
T8 Ee I IgE 270 65
I/ e O 3= 10 2.5
TS EE I IYE 1.2 0.3
Hl 4 =+ O 3% = 70 20
o Ee I 3% E 220 50
yad =+ 1 33 E 52 35
T a3 0.180 0.023
3 o gEEs A 45 4
Table 3 Soil treatment standards in Korea. (Unit : mg/kg)
22 EYedTH7IE EYdd A&
174 2A 4 3A Y 174 2A 4 3A 4
AR 4 10 60 12 30 180
T 150 900 2000 450 1500 6000
H] A& 25 50 200 75 150 600
T 4 10 20 12 30 60
o 200 400 700 600 1200 2100
671 A& ) 14 40 15 45 120
ot 300 600 2000 900 1800 5000

Table 4 Standard for each area for soil treatment standards.
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Table 5 Types of technologies for remediation of contaminated soil.
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Table 6 Reported kinetic model and activation energies for leaching sphalerite in
chloride media (Dehghan et al., 2009).

Leaching L Activation
] Kinetic model Reference
medium energy (kJ/mol)
FeCl;-HCI . Al-harasheh and
, Surface reaction | 44.8 (51-91° Q) ,
solution Kingman(2007)
FeCl;-HCI , Aydogan et
, Surface reaction | 45.3 (40-80° C)
solution al.(2005)
FeCl;-HCl ) Bobeck and
, Mixed-control 46.9 (45-90° C)
solution Su(1985)
Aqueous FeCls o 90+12.5
, Diffusion Rath et al.(1981)
solution (30-60° O
FeCl;-HCI ) Godocikova et
, Mixed-control 27 (50-70° C)
solution al.(2002)
Chlorine ) ) Ekinci et
Diffusion 22.7 (12-60° C)
saturated water al.(1998)
NaClOs;-HCl )
, Surface reaction | 41.1 (40-70° C) Ucar(2009)
solution
) : ) 14.3£1.9 Acero et
0O,-HCl solution Diffusion
(25-70° C) al.(2007)
: Venkataswamy
. Surface reaction
FeCls solution R . Not detected and Khangaonkar
and diffusion (1981)
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Shrinking core model& 2% &3l =33} ch

Fig. 2 Different sorts of behavior of reacting solid particles. (Chemical Reaction
Engineering)
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Unreacted core

Liquid film

Fig. 3 Representation of products for the reaction of solid product for a particle
of unchanging size. (Chemical Reaction Enginnering)
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Unreacted core

S . Liquid film
Surface of particle

Fig. 4 Representation of products for the reaction between a shrinking solid
particle and liquid. (Chemical Reaction Enginnering)
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(Film diffusion controls)
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sbol g&RART At A 0F (10 BHHoE ALHA 9

tH(Dehghan et al., 2009). w&}4 Bobeck and Su(1985)+= 4} (12)3 £ &4t

4= A A,

=

[1—(1—x>?]+3[1—%x—(1—@%]:Kdt (12)

T A (12)0] 24 g dF A7 e (Dehghan et al, 2009), °l&
s dst7] 98l Shrinking core model®] W& X =<l Dickinson and Heal(1999)
model& AASHA L ThE7 22 Ao yed F drh

AE oAl kel o) AujrSg 71 s
o AgtE 2oltk. ol HH 42 Table 701 el= Ak,

= WHEAZE Y W HEE 100%E 12 e ES(fraction)olH, k= &
4, My, & 1A BAH, o £38 JEAY TE, o5 FEAS
= TAYAY 27NAE, DE OFA AAE F UdAMe A,

K. K, K, K, BR7] &% 350]

m

o
iong 4 ®-UD2] 2ol WY F, 29} 1] VF TAZE APATE o1 F FA
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A47b Ak Ao FA4S AH 98" Y EZE B IE AL 45y
o, £52A &4 Hold td mule] oZx = A A Z(Coefficient of d

etermination, R)el 29|&) H7letgtt. A2AAST) 1o 7/MHe4E g mdS
g3t Aol H3HeHs YerdT

7)) HAL WA F olEUSs SEPFAS ol §e] BYFIUAS
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Table 7 Conversion-time expression for various shrinking-core models

Film diffusion Ash diffusion Reaction
control control control
1— %x—(l—x)% l_k(ljw_ %)1/3
SRR ERER =Kt e, =
PpaTy ' =Kt
1—(1—2)?
ARADZARE | 1- -0 = i 9 -,
_ KStB 0

DEEEEVERE SN

1—(1—=x)

1
3

]+B[1—%x—(1—x)%]:Kdt

QAAHE AT T A
(Dickinson and
Heal model)
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Table 8 Composition of the prepared sample for leaching experiments

Element Fe Ca K Zn Cl Ti Others
Average
43.43 23.34 10.59 9.12 4,72 3.25 5.55
Content(wt%)
| Leaching | Feci,inHel
| Filtering |
Liquid Solid
Dilution Washing ]
I & Analysis IM‘S [ & Dry

Fig. 5 Ferric chloride leaching flow chart
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Fig. 6 Schematic diagram of Heating mantle

Table 9 Parameters and their levels in the ferric chloride leaching experiments

A&7 Heating mantle J=37] ~75um
_ 0.25~1M FeC(Cl;
A=A A =] == 200~600
44 in IM HCl . em
A=A F 200mL A S A7 4hrs
DL 10g ~ 60g SEXAS 40~90°C
AMEZHP A 5 ~ 240mins
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Zn concentration (mg/kg)
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e 2000pm = 300rpm ——400rpm —#-5G0rpm ~—»—G00rpm
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b
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0 60 120 180 240

Time /min

7 Effect of leaching time on the recovery of zinc for various stirring speed.
Experimental conditions: [HCII=1M, [FeCl3]l=1M, Temp.=50°C, s/1=10%.
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Fig. 8 Effect of leaching time on the recovery of zinc for various ferric ion
concentrations. Experimental conditions : [HClI=1M, s/1=10%, stirring speed=400rpm,
Temp.=50C)
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Fig. 9 Effect of leaching time on the recovery of zinc for various pulp density.
Experimental conditions : [HClI=1M, [FeCl3]=0.25M, stirring speed=400rpm,

Temp.=50° C)
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Fig. 10 Effect of leaching time on the recovery of zinc for various temperatures.
Experimental conditions: [FeCl3]=0.25M, [HCII=1M, s/l= 10%, stirring speed=400rpm)
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Fig. 11 Effect of leaching time on the recovery of zinc for various temperatures.
Experimental conditions: [FeCl;]=0.5M, [HCII=1M, s/1=10%, stirring speed=400rpm)
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Fig. 12 Effect of leaching time on the recovery of zinc for various temperatures.
Experimental conditions: [FeCl;]=1M, [HClI=1M, s/1=10%, stirring speed=400rpm)
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4.1 Shrinking core model (Film
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iffusion controlled)

Fig. 13 0.25M FeClhg ol 8% AZHoIHE nuoz wEojal Iezo]
o 7t eEME ARASLE 25 40T, 50T, 60T, 70T, 80T, 90T ol A z+zt
0.6634, 0.8002, 0.8796, 0.8253, 0.8282, 0.7817°|t}. R % AAAS7} 0.970]4ko]
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Ho0T R2=0.7817

0.80 480T Rz=0.8282

0.70 70T R2=0.8253
0.60 ®50T R?=0.8796 n
4 50T R2=0.8002

0.50 ™
® 40T R* = 0.6634

0.40 &

0.30

0.20

0 10 20 30 40 50 60

Time /min

Fig. 13 Plot of X vs time for different reaction temperature
Experimental conditions: [FeCl3]=0.25M, [HCII=1M, s/1=10%, stirring speed=400rpm)
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Fig. 14= 0.5M FeClz& o] &% ZHolHE vg o= RtEox dgzo|t.

ZF EHE dAATE 5% 40T, 50C, 60C, 70C, 80C, 90C A Z+2+ 0.8
030, 0.8792, 0.8706, 0.8152, 0.8020, 0.7523= Yety & =4 DS A&
st AL AgstA &tk 7] 0.25M FeClzoll vlsl 40ColA= AARAAT7E <

:\0 )

7¥stal 90C M= Hashs AdE UERdTh 40ToA S74ek ©
=7 F7hstel whet 5l A 608 Ato] o] HE &l

| Zlolgt daEnh 3] W0TCAAE AFAFTE EE5e AAT F ov
ol 0.25M FeClz¢t #2tha At

1.20
M99 T R*=10.7523
4 80T R2=0.8020
1.00
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H60T R2=0.8706
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A50TCR:2=0.8792
® 40T R2=0.8030
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0.20

0 10 20 30 40 50 60

Time /min

Fig. 14 Plot of X vs time for different reaction temperature
Experimental conditions: [FeCl3]=0.5M, [HCII=1M, s/1=10%, stirring speed=400rpm)

Fig. 155 1M FeCls& ©]&3 H=dolHE vlg o2 THEoiz Jgzo|th
% 40C, 50T, 60C, 70C, 80C, 90C A AAA T+ 224 0.7364, 0.8743,
0.8484, 0.8031, 0.8347, 0.7284= 0.25M, 0.5M FeCls¢} fAFSHAl YEhd & =g
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Fig. 15 Plot of X vs time for different reaction temperature
Experimental conditions: [FeCls;]=1M, [HCII=1M, s/1=10%, stirring speed=400rpm)

- 34 -



4.2 Shrinking core model (Reaction controlled)

L
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a2 AEHE T SE5GAVE AESA7E vRkeR 1A 9ke] wkE-<l reaction
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Fig. 16 Plot of 1-(1-x)" vs time for different reaction temperature
Experimental conditions: [FeCl;]=0.25M, [HCI]=1M, s/1=10%, stirring speed=400rpm)

Fig. 17&= 0.5M FeClz= o] &3 & % AAZH dlolHolt. z2t 254d=E 4
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Fig. 17 Plot of 1-(1-x)" vs time for different reaction temperature
Experimental conditions: [FeCl3]=0.5M, [HCII=1M, s/1=10%, stirring speed=400rpm)
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Fig. 18 Plot of 1-(1-x)" vs time for different reaction temperature
Experimental conditions: [FeCl;]=1M, [HClI=1M, s/1=10%, stirring speed=400rpm)
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4.3 Shrinking core model (Ash Diffusion Controlled)
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Fig. 19 Plot of 1-(2/3)x-(1-x)** vs time for different reaction temperature
Experimental conditions: [FeCl3]=0.25M, [HCII=1M, s/1=10%, stirring speed=400rpm)
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Fig. 20 Plot of 1-(2/3)x-(1-x)** vs time for different reaction temperature
Experimental conditions: [FeCl3]=0.5M, [HCII=1M, s/1=10%, stirring speed=400rpm)
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Fig. 21 Plot of 1-(2/3)x-(1-x)** vs time for different reaction temperature
Experimental conditions: [FeCl;]=1M, [HCII=1M, s/1=10%, stirring speed=400rpm)
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44 Dickinson and Heal model

Dickinson and Heal model-> Shrinking core model®] reaction % diffusion co
ntrols ¢ BEAEA F JAEAFTES AT 5 vk Fig. 22+ 0.25M FeCli&
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Fig. 22 Plot of 1/3In(1-x)+[(1-x)™*-1] vs time for different reaction temperature
Experimental conditions: [FeCl3]=0.25M, [HClI=1M, s/1=10%, stirring speed=400rpm)
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Fig. 232 0.5M FeCl3& o] &3 FEHolEHE HlgtoZ ThEojx 13z o]
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Fig. 23 Plot of 1/3In(1-x)+[(1-x)™"*-1] vs time for different reaction temperature
Experimental conditions: [FeCl3]=0.5M, [HCII=1M, s/1=10%, stirring speed=400rpm)
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Fig. 24 Plot of 1/3In(1-x)+[(1-x)™"*-1] vs time for different reaction temperature
Experimental conditions: [FeCl;]=1M, [HClI=1M, s/1=10%, stirring speed=400rpm)
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Table 10 The correlation coefficients for each Fe™ concentration,

temperature and models

Shrinking core model (Film diffusion controlled)

X

Temp. (C) 0.25M FeCls 0.5M FeCls IM FeCls
90 0.78 0.75 0.73
80 0.83 0.80 0.83
70 0.83 0.82 0.80
60 0.88 0.87 0.84
50 0.80 0.88 0.87
40 0.66 0.80 0.74

Shrinking core model (Reaction controlled)
1-0-x0"

Temp. (C) 0.25M FeCls 0.5M FeCls IM FeCls
90 0.89 0.91 0.91
80 0.90 0.91 0.94
70 0.88 0.89 0.90
60 0.93 0.95 0.95
50 0.84 0.93 0.94
40 0.70 0.85 0.79

Shrinking core model (Ash diffusion controlled)
1-@2/3)x-A-x"

Temp. (C) 0.25M FeCls 0.5M FeCls IM FeCls
90 1.00 0.99 0.99
80 1.00 1.00 0.99
70 1.00 1.00 1.00
60 0.99 1.00 0.98
50 0.99 0.99 1.00
40 0.93 0.98 0.95

Dickinson and Heal model
1/3In(1-04(1-x"*-1]

Temp. (C) 0.25M FeCls 0.5M FeCls IM FeCls
90 0.99 0.97 0.95
80 0.99 0.98 0.96
70 1.00 0.99 0.98
60 0.98 0.97 0.93
50 0.99 0.96 0.98
40 0.95 0.98 0.96
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45 &X438} 9JA] (Activation Energy)

Shrinking core model(Ash Diffusion_Controlledd-& &<13t &, s =g
tolHE ol &std FA4st duAE Fete #AFS AFth Fig 25& 0.25M
FeCls¥ 73-¢-°l Arrhenius plote &8 24€ ZZolm FAM 7|&7]E
E3 EAFANIRE F3 AF 76.9k]/molZ e 0.5M, IM FeCl;¢] 73
Folx Z71d Agd Her FAsUAE 77 A3 A7 69.6k]/mol,
64.1kJ/mol 2 ERGTHFig. 26, Fig. 27). 28-S AW vl AZA9 =71 =
7VdrE A5ty A7t Zaste AEEs Bt AEA vxo e 243
A= Table 110 A F o] Ut

-4 -

5 -

v=-9.2512x + 19.376
R*=0.9823
Ea = 76.9 kJ/mol

Ln K (min™)

-16

2.7 2.8 2.9 3 31 32

1000/T (K1)

Fig. 25 Arrhenius plot of reaction rate as a function of reaction temperature
Experimental conditions: [FeCl3]=0.25M, [HCII=1M, s/1=10%, stirring speed=400rpm)

_47_



Ln K (min™?)
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vy =-8.3734x + 17469
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Ea = 69.6 kJ/mol
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*
2.7 2.8 2.9 3 3.1 3.2
1000/T (K1)

Fig. 26 Arrhenius plot of reaction rate as a function of reaction temperature
Experimental conditions: [FeCl3]=0.5M, [HCII=1M, s/1=10%, stirring speed=400rpm)
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5
* y=-7.7082x + 15.733
P R? = 0.9453
e Ea = 64.1 k¥/mol
- -y
E 7-
-
o
2 g
= s
9
*
.10 : ; ‘
2.7 2.8 2.9 3 3.1 3.2

1000/T (K1)

Fig. 27 Arrhenius plot of reaction rate as a function of reaction temperature.

Experimental conditions: [FeCl;]=1M,

[HCII=1M, s/1=10%, stirring speed=400rpm)

Table 11 Activation energy value for different Fe* concentration.

Fe** Concentration (mol/L) Activation energy (kJ/mol)
0.25 76.9
0.5 69.6
1 64.1
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