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10026, that of COD was relatively low and only 80% at most. Slight
increases in pH and electric conductivity were observed after EC.
Because the energy consumption and the amount of Fe dissolved from
anode also increase by the high electric current and low liquid
superficial velocity in EC, a certain measure is needed to meet this
situation.

It can be concluded that a combined system of EC and MFS is a
powerful one that is highly effective for treating dye wastewater and

can replace other chemical methods.
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Dye wastewater treatment using

Electrocoagulation and Magnetic Fluid Separation

Su hee Shin

Department of Chemical Engineering, Graduate School,
Pukyong National University

Abstract

In this study, a system which combined -electrocoagulation(EC) and
magnetic fluid separation(MFS) has been presented as a new technology
for treating wastewater, and its application to the dye wastewater has
been examined. EC is based on the fact that metal ions dissolved from
anode(+) are electrochemically combined with dissolved organics or
colloidal particles and then form metal hydroxide flocs. Furthermore the
flocs which are dissolved from Fe anode became magnetized during
coagulation reaction. For this reason, the electrocoagulated flocs can be
removed by magnetic fluid separation. In magnetic fluid separation, the
flocs are moved to magnets installed along the wall of reaction tube and
finally captured by the magnets.

In the test run, the effects of operating parameters on the removal of
the flocs have also been investigated. The concentration of SS, turbidity,
color and COD removal efficiency improved with an increase in electric
current up to about 15A and with a decrease in superficial liquid
velocity in EC and MFS. While the removal efficiencies of SS (max

99%), turbidity (max 98%), and color (max 96%) were approached about
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Selection of Electrocoagulation(EC)
and Magnetic Fluid Separation(MFS)
for the treatment of dye wastewater

Construction of experimental equipments
and methods about EC and MFS

Effects of operating variables
on the treatment of dye wastewater

EC
: Electric current
: Linear velocity

MFS
: Superficial liquid velocity

- Particle size

- pH

- Electric conductivity
- Specific energy consumption

- Weighted amount of Fe dissolved

from anods

Fig. 1. Schematic diagram of the studying strategy.

- Suspended solids removal
- Turbidity removal efficiency
- Color removal efficiency

- COD removal efficiency
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Table 1. Electrocoagulation and the following processes

Parameters

References

Raw

Electrode

Following Process

Tsouris et al.

Colloidal Particle

. Fe Magnetic Separation
[17] In wastewater
Ciardelli et al. Textile
Al Flotation
[31] wastewater
Chen et al Restaurant
Al Flotation
[10] wastewater
Cheong et al. Phosphorus )
. Al Flotation
[33] in wastewater
Tsai et al. Leachate from . .
. Al Filtration
[13] landfills
Lin and Chen Textile . .
Fe Filtration
[(29] wastewater
Kim and Moon Leachate from . .
Fe Sedimentation
[6] landfills
Lin and Peng Textile
Al Sedimentation
[30] wastewater
Pouet and Grasmick Urban .
Al Flotation
[16] wastewater
Szynkaraczuk et al. | Clay suspensions ) .
. Al Sedimentation
[34] in wastewter
Do and Chen Textile ) .
Al Filtration
[9] wastewater
Ogutveren et al. _
Dye stuffs Fe Decantation
[35]
Vik et al. ]
(15] Potable water Al Flotation

..10_
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Magnetite + SS

Magnetite

Fig. 2. Principles of magnetic fluid separation.
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Unit : cm
( ) : Length or diameter

b

_— Anode(+) OD:(1.7),1D:(12) ___

Cathode(-) O.D:(2.7),1D:(2.1) <+—

(11) (33)

Direct current

Fig. 3. Schematic diagram of the single

electrocoagulation unit.
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CathOde(_) |nﬂOW

Anode(+)

Outflow

< Two Pass , Direct Current >

Fig. 4. Schematic diagram of the electrocoagulation

process.
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1. Magnetic Powder

= =<1

4. Peristaltic Pump

5. Magnetic Fluid Separator
6. Magnet ‘
7. Clarified Water

8. Valve

9. Magnetic Powder + SS

» ‘ 2. Wastewater
' v %4 g 3 Mixing Tank
9

Fig. 5. Schematic diagram of the magnetic fluid

separation process.
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Table 2. Characteristics of dye wastewater sample

Parameter Unit Average value Data range
SS mg/ ¢ 87 28 ~ 146
Trubidity NTU 63.9 332 ~ 781
pH - 9.25 771 ~ 10.78
Conductivity gs/cm 1672 1551 ~ 2052
TCOD mg/ ¢ 608 450 ~ 766
Color ADMI 773 670 ~ 875
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1. Dye wastewater 2. Peristaltic Pump 3. Electrocoagulator
4. Peristaltic Pump 5. Magnetic Fluid Separator 6. Magnet
7. Clarified Water 8. Valve 9. Sludge

Fig. 6. Schematic diagram of continuous process.

_22_



Ado] BQd EAFES SS 8% COD, pH, AE%x, M=, Azt

]
=
2 A4 FAvee dsndt #7889 4% Wbl Wew ¥

ol
o
fi
kd
m§1
o
b4ts
o
_‘El
wn
w
il
HT
Q
O
o

Mre] AALE e 4e ol gdl

SS(EE vBx)ol HAEL (SS(or Turbidity) removal efficiency)

(#7187%el SS(EE gx)—Aelse] SS(EE gE))
A3 AT SS(EE HE)

COD(EE Mr)el AAE (COD(or Color) removal efficiency)

(29 coEe Ax)—Adse CONEE Ax)) 2)
Ao COD(EE ML)

2E Alge 2AM2 3FEWZ Standard Methods®t &4 2d 34 AdH
o 9AFE NgE AH T ZA ST 4 2HAAM AgHHAE 23 =
Faon BAMHL Table 39 A stAth

- 23 -



Table 3. Analytical method and instruments

Analytical Method or

Constituent unit
Instruments
SS mg/ { Standard Method
HACH 2100N
Turbidity NTU
Turbidimeter
CODc¢; mg/ ¢ Standard Method
Istek 460cp
pH -
pH/ISE/Conductivity meter
Istek 460cp
Conductivity us/cm
pH/ISE/Conductivity meter
HACH DR/4000U
Color ADMI
Spectrophotometer
Vibrating Sample
Magnetization emu/g

Magnetometer(VSM)
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(a) (b) (c) (d

Photo 1. Comparison of the difference in magnetic
susceptibility of floc according to electric

current.

((a) raw, (b) 5 A, (c) 10 A, (d) 15 A)
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(a) (b)

Photo 2. Comparison of microphotograph of floc.

((a) raw, (b) electrocoagulated water (10A),

(c) treated water X 100)
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Fig. 7. Magnetization curves of Fe-based powder (magnetic)
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Fig. 8. Effect of electric current and linear velocity in EC
on the concentration of SS in the electrocoagulated

water.
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Turbidity in the electrocoagulated water (NTU)

Fig. 9. Effect of electric current and linear velocity in EC

on turbidity in the electrocoagulated water.
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SS removal efficiency (%)

94_.
e UinEC=120cm's -
927 0 UinEC=175cms .
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Electric Current (A)

Fig. 10. Effect of electric current on SS removal efficiency.
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Fig. 12. Effect of electric current and linear velocity in EC

on the concentration of SS in the treated water.
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Turbidity in the treated water (NTU)

Fig. 13. Effect of electric current and linear velocity in EC

on the turbidity in the treated water.
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SS removal efficiency (%)
N
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Superficial liquid velocity in MFS (cnvs)

Fig. 14. Effect of superficial liquid velocity in MFS on

SS removal efficiency.
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Fig. 15. Effect of superficial liquid velocity in MFS on
turbidity removal efficiency.
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Fig. 16. Effect of electric current on color removal efficiency.
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Fig. 17. Effect of superficial liquid velocity in MFS on

color removal efficiency.
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Fig. 18. Effect of electric current on COD removal efficiency.
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Fig. 19. Relationship between concentration of SS and COD
& turbidity in the treated water.
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Fig. 20. Effect of superficial liquid velocity in MFS

on COD removal efficiency.
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Fig. 21. Particle size distribution of raw and treated water.
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Fig. 22. Effect of electric current on pH.
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Fig. 23. Effect of electric current on electric conductivity.
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Voltage (V)

Fig. 24. Effect of electric current and linear velocity in EC

on voltage.
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Fig. 25. Effect of electric current and linear velocity in EC

on specific energy consumption.

_58_



g Arge Zsdts @48 YeERXRY. 15 A, 1.20 cm/sol A
100 kWh/m’e] "= Amae 5 AF 277 cm/solA 40 kWh/m*=  oF

60 % 4= wobAth olAe Ae xme] AF A7 ® ope A7l ¢

L84 Fe AT o]&3 A7 SR WEoX Fe &8 A8 Andy
T AHI A doh 53], Fe ££3F9 AL A5 Fdyo] & A
o] AAANZIE AR}E TG FF

Fig. 26& A¥ AEFd ©E Fe &&ZFS Uetd Aoz fg9
Faraday's lawol] H&A1A A4ts 3 oH33l

I X t XM (4)

of7jell A Wi &

e
<
o
o
D

Pt
e
3
=

ot
=
f‘:i

(s)

M : 9x&F (M = 55.845)

n: A&AF (n = 2)

F : Faraday 2% (F = 96500 A/s)

_59..



3500
3000 |
2500
2000 -|

1500 -

T

1000 -

T T T

500 -+

//
/‘///0

. /'ér/u. in EC = 2.77 cm/s

........................

U, in MFS = 0.42 cny/s |
® ElectricCurrent:5 A
O ElectricCurent:8A |
A ElectricCurrent: 10 A
v ElectricCument: 12 A |
& Electric Current: 15 A

...............

Weighted amount Fe dissolved from anode (g/m°)

Fig. 26

80 S0 100 110 120

Specific energy consumption (kWh/m*®)

. Effect of specific energy consumption on the

weighted amount of Fe dissolved from anode.

_60_



# o
o] Fert &9tk AAZ &84 dAFdAM &&He a5 dejs &
gk oopel A Fael] oSME §EH7] wEel o]EA K
go] £EHE Aoz A doh wEA 9] AMARG ¥ g2 Fol

£Z2H03 & ¢ Avk A A7) S S Fe §EFE F°l¢
o
Fol M A71$H Mo dgew AdFd wheh o] Fe

< u#se B dFdAME 8 A 175 em/s9 £E2 A7 3 ST
2 042, 093, 121, 142 cm/s2 A4 FAEE "l T8 4A f55 W
FAA A F Hadg WY Fe ol2%=E A3 2ok 1 A3, o
49] Fe o]€ %7} 052 ppm¥ 4 H7$FAFY Fe ol FX== 040
ppmol A3, A fFrAEE gl TH AA F&o] 121 cw/s oJBe® F
74t A Fe ol 29 ¥E7 $352Y £2 051 ppme YEATE 8HA]

49 Fe ¥ERTE @& goldx, 4A +HASRBAANYPFHA T
18 29EF 22 A7 &84 Fe &FF HF 7IFol 10 ppm °]
32 FAE Q7] W& Fe AJoA &FHe ¥ oz, dAH

F Fe &f#o] 92 T4« <tk

_61_



2l
)
o{o

4 HAANE AR A7 E3 W) 2
Rgss, g fARY FHAAE BF AA fEe] FEFE A

gl49] Rg nPER E% ME CODY AALo] Eghoy, AVS

olo
02‘«
N
it
1o
o
©
I
H

A% Ase COD AAEE oF 80 %2A P DHEBEHU 9 %),
gx(Ho) 98 %), AS(HD 9% %9 HIPS o Yoz we &
A2 dger 1 olft gANFd TFE &84 YAt AAT
A gx AEH] dRoz AN,

A7 R @A F $359] pHE 10 ~ 112 4sded, d79 A7
7} Eobd4E pH A4E= ok A4 FAZAE AR Fo = pHIL
9 ~ 1002 <zt asteE 4ol vEbEth

A7REEe] AT pHel whasldz AYSAL dF F 2000~
20000 ps/cm7HA) AEsR o, Wi A7t wEFE F5Eol 2
o A FARE Fo Adr] AEEE A5} 02T 1500 ~ 2000 ps
/em7bA] 23 A T

A cnge Axe AV FoldES 4718 P2 £ M

_62_



7 olAEE :oton 15 A, 120 cm/sY £E2 A7SH AA
) 100 kWh/m®e] Ho) de 4w dehhadch o &3

mQ
s}

o
oMol B SERE OIF 3 kg/m'oE o] TFH MY smol ule

ste F7bsht A7187 AARS F9 AEEo)i vdste] Badte
Aee by

B} AA FARYAE 2 FAHLS 4 1¥E, ¥, Ax

2 A7
Z9olq Be AALS Usion, CODY F7b AAE AT A/18A
Aol F2A Adot nE A FAE Fri@od s Y A8
bsdel Qe FHeE AAN,

._63_



m

M
rl

&

10.

11.

12.

al

. The Federation of Korea Environmental manager, 11, 36-46 (2000)

D. Mills, J. AWWA, 92, 34-43 (2000)

M. J. Kim, A Study on the Effective Treatment of Heavy Metals
in Wastewater by Electrocoagulation, Dept. of Environ. & Public
Health, Seoul nat’l univ., (1998)

P. M. Yeo, Y. H. Kim, K. H. Suh and I. K. Suh, Theories and
Application of Chemical Engineering, 3, 2933-2936 (1997)

M. J. Matteson, R. L. Dobson, R. W. Glenn, Jr., N. S. Kukunoor, W.
H. Waitsll and E. J. Clayfield, Colloids and Surfaces A;
Physicochemical and Engineering Aspects 104, 101-109 (1995)

S. J. Kim and J. U. Moon, J. Korean Soc. Environ. Engineers,
19(3), 391-402 (1997)

T. J. Lee, K. H. Han, H. S. Yi and J. K. Kim, J. Korean Soc.
Water Quality, 15(1), 71-77 (1999)

M. Y. A. Mollah, R. Schennach, J. R. Parga and D. L. Cocke, ].
Hazardous Materials, B84, 29-41 (2001)

J.-S. Do and M.-L. Chen, J. Applied Electrochemistry, 24, 785-790
(1994)

X. Chen, G. Chen and P. L. Yue, Separation and Purification
Technology, 19, 65-76 (2000)

K. Rajeshwar and J. G. Ibanez, "Environmental Electrochemistry”,
Academic Press (1997), Chapter 5.

N. Biswas and G. Lazarescu, Intern. J. Environmental Studies, 38,

65-75 (1991)

_64_



13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. C. T. Tsai, S. T. Lin, Y. C. Shue and P. L. Su, Water Research
31(12), 3073-3081 (1997)

Whang, G.D., Kim, M.H. and Cho, C.H. J. Korean Soc. Environ.
Engineers, 19(10), 1333-1344 (1997)

E. A. Vik, D. A. Carlson, A. S. Eikum and E. T. Gjessing, Water
Research, 18(11) 1335-1360 (1984)

M.-F. Pouet and A. Grasmick, Water Science Technology, 30(3-4),
275-283 (1995)

C. Tsouris, D. W. DePaoli, J. T. Shor, M. Z.-C. Hu and T.-Y.
Ying, Colloids and Surfaces A: Physicochemical and Engineering
Aspects 177, 223-233 (2001)

Ministry of Science & Technology , Foreign Science & Technology
Trends, 344, (1998)

P. M. Yeo, Y. H Kim and H. G. Kim, HWAHAK KONGHAK,
38(5), 653-660 (2000)

S. Kurinobu and S. Uchivama, IEEE Transactions on Magnetics,
Mag-18(6), 1526-1528 (1992)

Y. Wong, E. Forssberg and R. J. Pugh, Mineral Engineering, 6(5),
537-546 (1993)

Y. Terashima, H. Ozaki and M. Sekine, Water Research, 20(5),
537-545 (1986)

Y. H. Kim, K. H. Suh and C. S. Oh, HWAHAK KONGHAK, 38(2),
277-281 (2000)

Y. H. Kim, P. M. Yeo, S. H. Shin, K. H. Suh, H. G. Kim and C.
S. Oh, HWAHAK KONGHAK, 38(5), 739-744 (2000)

_65_



25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36

Y. H Kim, P. M. Yeo, K. H. Suh, H G. Kim, U. C. Chung and
S. H. Kim, J. Korean Fish. Soc., 32(5), 649-653 (1999)

The Japan Society of Industrial Machinery Manufactures,
Introduction of Japanese Advanced Environmental Equipment, 171
(1996)
S. H. Lin and C. F. Peng, Water Research, 28(2), 277-282 (1994)
The Federation of Korea Environmental Manager, 11, 38-43 (1999)
S. H. Lin and M. L. Chen, Water Research, 31(4), 868-876 (1997)
S. H. Lin and C. F. Peng, Water Research, 30(3), 587-592 (1996)
G. Ciardelli and N. Ranieri, Water Research, 35(2), 567-572 (2001)
S.-F. Kang and H.-M. Chang, Water Science Technology, 36(12),
215-222 (1997)
K. H. Cheng, H. L. Chei, O. J. Jung, C. N. Chol and J. K. Jung, J.
Korean Environ. Sci. Society, 9(1), 95-99 (2000)
J. Szynkarczuk, J. Kan, T. A. T. Hassan and J. C. Donini, Clays and
Clay Minerals, 42(6), 667-673 (1994)
U. B. Ogutveren, N. Gonen and S. Koparal, J. Environ. Sci. Health,
A27(5), 1237-1247 (1992)
Y. K. Kim and M. Y. Oh, J. Korean Soc. Environ. Engineers, 22(8),
1429-1439 (2000)

_66_



Appendix A. 9 55

1. A71st=A =%
D A GAE o@ e nEAY
<783, gy A3 AF LFA>
s}skaeh 38(5), 739~744 (2000)

A4 A5 0@E AR AV SAR AN FARA 2FHETH A
2.

<53, Beal, 2>

00 24 @2 stetEers Sewus eI &% $4, 61)

<"1 El H& } 1—3
‘00 A = ety s gEw R, stetEdte] ol 548, 6(2),
3913~3916, 2000
3) Combined Process of Electrocoagulation and Magnetic Fluid
Separation : Application to the Removal of Contaminant from Dye
Wastewater
<Yong-Ha Kim, Su-Hee Shin, Kuen-Hack Suh, Hang-Goo
Kim>
The Seventh Asian Conference on Fluidized-Bed and
Three-Phase Reactors, 373~378, 2000
4) AdHAFY AP LFGE AA AAE FAEH A&
<Agd, A5d, A2, YT>
The proceedings, The 2nd Korean Conference on Aerosol and
Particle Technology, 43~44, 2000
s £HAE ol & Az YEY 54
<AFd, Yae, A5E, 2>
01 24 &= setEets) sewEsl saTEe oed $8, 1),

(@]



1513~1516, 2001

6) A3 AL E ol &% Ha A

<88t A3, A, A7, 2>

01 &A 3= sty s g3, steteete ol&d §&, 7(1),
1485~1483, 2001

7 A718AF AFFALH] =FETAE ol &3 AT A
<43, 483, M2, AFH>

‘01 A gk 58t3 3] St 38Este o2 &8, 7(2),
4315~4318, 2001



b
>
-1‘
o

e

ek 29 71{% AB7A Ao dE F oA Y MY 71l
g 71zte] 2 A ZEyd. digkd FrIle] Exbeke Al AAR PE
AZIRARY, Ast mgge] Aste] stopd 22 AdiE FE 7 3UUd
A ZEUt A8 7HA delA =38 FMAM A =-yYg

2 g0l ofyolx AF A= XHIAW 7HEY 2 givig v A %
ofFAlE AT wgd, HAE =74 sFA dFEF wgd, A
MEES AAYFA o3 ugd, 21 9 setastan RE neder gt
AL =dUd

agla, $8 24 ¥ A7AHR FAS A, 7], FulEdAE vk
hgS AP 53], A9 gidtd A& 29 A A Aok vt
9. FelA F & ol Ak AdE &8 HW Fdolst FFEHSHA,
AT o], HAEA oA W =25 AH, HIE gEd 3
4& 1A wREE F dvn AR 2z FFT oRE?) dix
QA Ao, g} v BE A L1, I3 AT Ao}, doutEn A3
A@ole svke]. tishd ]Ik FI(?)0]A Hujola of A ofA NI}t H=
Ae A, 2L F3 Bol FA w4 Adul, BE A, F 21 U
goith Fddis Mg A, 45 FEEY FFol, 2 FHAFL
HE 47 F4, 2S¢ 2ekdsyH

=2 AEY 9 o 71X WA =&E Bol FA A FTH 1
FaA 53] gA=gdth F3EA §L F3L, £UE°] Bl =39
HAFHG gz shAe 4 o 2 HAZE vy

A gt 2 Rrda fudAE 2] TS SHUY. st HA7A
Al A 553 vtgtr A & FHAZ A7 FAS EHE + AR

H2
(o

29 Ao AXMAME A} FAAQJA AR oA AxA Hoprt
== AsUY. B8 25 ZA=dEYh
2001. 12.

RIS



	표지
	목차
	초록
	1. 서론
	2. 이론적 고찰
	2.1 전기응집
	2.2 자성 유체분리

	3. 실험 장치 및 방법
	3.1 실험장치
	3.2 시료 및 물성
	3.3 실험 방법

	4. 결과 및 고찰
	4.1 전기응집 플럭의 특성
	4.2 부유고형물과 탁도의 제거
	4.3 색도의 제거
	4.4 COD의 제거
	4.5 입도의 변화
	4.6 PH의 변화
	4.7 전기 전도도의 변화
	4.8 전력 소모량과 Fe용출량

	5. 결론
	참고문헌

