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ABSTRACT

In this study, the effectiveness of electrodialysis in removing inorganic arsenic from groundwater was investigated. To
evaluate the feasibility of the electrodialysis, operating parameters such as treatment time, feed concentration, applied
voltage and superficial velocity were experimentally investigated on arsenic removal. The higher conductivity removal
and arsenic removal efficiency were obtained by increasing applied voltages and operation time. An increase of salinity
concentrations in arsenic polluted groundwater exerted no effects on the arsenic separation ratios. Arsenic polluted waters
were successfully treated with stack voltages of 1.8 ~ 2.4 V/cell-pair to approximately 93.4% of arsenic removal. Increase
flow rate in diluate cell gave positive effect to removal rate. However, increase of superficial velocity in the concentrated
cell exerted no effects on either the conductivity reduction or on the separation efficiency. Hopefully, this paper will
provide direction in selecting appropriate operating conditions of electrodialysis for arsenic removal.
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24 22 Sol2ut Az og Hejuhs Fustos
H 2HE AMo|A = o]2o] FFEIL tE & A4
A o] &A A7} UojydtKBenjamin and Lawler, 2015).

DA o] AFEE= ofg wrofit g o] uhxkery
atolg o]&st= A= 9] EDFA-2 WA}
E ARESH7| w2, Ak FAIsH| S8 agE
E AHEShE Himojih QatRatoiato] vls] A AL
gFo] A2 o] At k3 A AAR

£ Uehie, Ag sl Eelete] delAe] wet o
Frolewt thrboleel Helrh Fbsshim, gRAIZ
2AFO RN ol Hel AEE 28T 5 Uk B

o] ZAstHKim et al., 2012; Sadrzadeh et al., 2008).
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5
EZH AarRubel Wi wredat FUIAAAY EAZE WS o83 F2 SAE o83 ol2mdl 2jal Y
Z3L, 2NTU B0 7k A 4= glojA A & o] gt S3/3A So] ARgEm Yiojutel X7 %
2379 daddol drder A2 e AU Auteln} § Rejuhd o183t oy Fo| AME I
SAEH(Walker et al., 2014). QUeKTiwari et al., 2014). 231429} 2| o]l EA5H= v
dubH o 2 EDY| o]2AARES EY| WHRH AL Byjujzoln ASMEET} 45, 43, 0, 308 thoFs}
I 22 Q) B4, AR 22 AA|9] o] 24 U, A2 +5719) 3712 Z2A)eith, 4% 8|40 243
FEN A2 A7IAQ] 54, 2L o5 NIE g aslsleld deh pHol ofs) A E ] Als: 59l )
T T2 Y0 =4 B o3l 2t ED= - At 24 pHA o)A HAsOy 52 HAsOS 2 245}
o] Aftel7] wfZoll A=%te] Mol 245 o] 31, ARl 391 1A pH 9205l A HelE ox]| ¢
2 A A &-E0] ZHMin et al., 2007; Choi et al., 2004). L HAsO; E|2 ZA|3cHOremland et al., 2003). @}
1l 52007y 16 mg/Lo] AARY A4 2 HH A5t A BB O] x]E}2=H Bl ALBkET) 5710] H| A thAF
2 Arjexuro g 10117} ol 3}ste] A7} 10 VY

735 oF 40%2] AAREE, 20 VA - oF 95%9] A|A
B8 YEIS SIS ST ol 2ol Bt e
Seo] ujs) B A AN golatol A Bromol o] &
o] E& st el B uhue| A o] o] 2=} Ao
Foll =gstal o= AFet A7 A& dor|A Het
ol i B2t ARe AAUTRE skt o] FANR]
el ors w9l el A Hero] AAEolof g}
(Walker et al., 2014). A A} o] A HFH O 2 9] o] 20|F
& ol @uy) o] 248 FAET. o 5199
444 AAE AASH] 919 EDE A8 i), vl 4
S0k S7kse BAAY St w3, Hefo) 4
Al anE, AFaEo] FobR| L, E3F HAH
AAEE =olL 3Helstgith B3 2 UG o]
FAVIY ol 22] Halol oS HE el Fgo] Sebyl
o} Lol emt 28 2710l 28 1719] LhEFo| 2o 1]
8 W57k o} o] e mekTtTre] AWML 27 o] Z
w7t A7|EA oA o] A ARE FFS vHTL
HiEo] QItiKim et al., 2012).

=W At ol Fr AgEes ol &2
AP A Bl D213 554 Solok tiEHel o
219] 3ol HjAE E3] 2015W kol F4E ARG 4
W9 oRg AR oA ABEo] tevto] H3ith. £

Askp7E @ dE o] 7|2 10 pg/Le] oF 108o] sfgs}
= 104 pgLe| BTt 87tol|A HEE I THEum,
2015), ¥l AR 2H Aol 4717 AT A
Az FHok, AR g 5 oY AdS devl= A
o2 dHA QrH(Chan et al., 1997; Chen et al., 2003).

A stpo] EATHE HAE A28k WS 25
o] Qi H|AZS TAAORZ o] ZEAA ALY Az
TREE FYste] A|AS weba] EdE |
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m{n i)
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o= 5t A7} &2 HAsO 2] 7%= EDAEA] &
o AARE wY Aez wuwd,
LRSI OB A e
FE A ALE gAo R o] FolA grom, vl
o= gt ﬂ?‘% Ad o= mEgt ”Q’O]E} Ali
et al. 2011)& #7142l A o]-&slo] H|2E A|ASH
= 38< AESHHA AV d7|FEAteii=
WA 7o) 71 A e Sl shkeba wraie
31 Kartinen et al. (1995)= B]|AA| Ao AFREE= &
8714 &4, &, 47HA1 9] &34, 27141 9] whe a5,
274A 9] FAE Ao HlasHAA A ASSHI v S
= YA, 2ol W AAHA oA EDQ} L
SO Bl v i ol
AFAI7E BA 5= A48T Mendoza et al.
(2014)% FE=ol 50~700 ng/Lo] H|AE F7}sto] ED
G5 gk Ao oF 45871 S
4 pg/lLo] Aelg Ak —)F Ue= HETE wepA 2
AFoA= = Ak £
Aol Fagt ST, % 5—74 A 5
2 AARE 5T Q,%]—_TLX} Rl A S e Eavd s
H S AeteE Fskel HARIS 204 ED
A-gsto] vl A S-S apofstala) gich

oA A2 CI- g < = olem
gt 2, A9 TF A, SHRRY) FERAD).
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& © AMX-SBE o] ¢ich. %ol Lut gol
=I+ o mate] Wae 22 ssomelw, ohil AL ALE

o}
slo] WAL 275 em’o]¢irl. CMX-SBS+ AMX-SB
Data Acquistion ol2wguto] uf L= Z+7F 170, 140 umo| it A|
1 X EAMRSE FES wre) A4 A oA 4%
| ] 425 Table 10] A5}
| y
|
| D 2.3 Mips
=0 [0
SIA MK Ol AXIEA
Power Supply Diluate Concentrate Electrode rinse 2.3.1 Xlof '_1° ERE LS
o 5(2007) Aol TR i@ Asht Fu
Fig. 1. Schematic diagram of the electrodialysis system in this FAh R AR w0 JFo R WSy o]d BeE
study. Aolstl e wasl SR BERRE S
E3| 33y 55ty ERo] xoE g4 A
Aol W ew doly A~ Asdom py o eat BHE £ S
’ Mk g B0l EAlsls Aol wol WAl

sjoiek EDGAS FAEE Fig 1o JehRRieh B2 00 ha Y g
(NH-3PX, Pan World, Ibarakiken, Japan)+= t}14| €] H
Zolm, 2,700~3,200 rpme- b=t FH FYtof| WHE

2010)°9} “2012 SGISEQFX|5hy A|AHIQ] X3} 4=

S AU S SESA MRS AR gy qe@assl, 201208 et &
4L 1.9, 13.5 cm/sec®} H=%9] 4% 19,49 18|12 AT} = o] B2 B2 HA2 oA 9]
154 emfsees o] wep WSRS T AU SH o sbpno) go Aol Askes Aesich 474
ZF2](P3030, Advantek, Bucheon, Korea)= 0.01~3 AZ e ZHBEE AL Awalel Zig] SEnpe
0.1~30 voltage7b#] lo] 7hseret. AR A A gem syde g 4R otk £, Ao
S A8k ARG Ao 2 HYE St A7HE 2 74719 A7) foldt Be TestuA ATE
ol ARRsks dolg AFAAE o83t Ao A ARz R §9EE 2EE o] L5tk Table
AeYwi Fok ANz myEE Hch 20 Upebd uke} Zro] FSE 4ntd] ABkee] WAy
£ 7-118 pgL® WAL Asksich Aeks: 298l

2.2 ol2uwEat £ 2 A AFEE P e g AEER Ygte

O]%ﬂ@_gﬂ]—% ASTOM/\}(Tokyo, Japan)oﬂlﬂ q_c\ﬂ@j. D‘:] Qﬂ—/\g ;“(:'_]vjl\—“i‘ 077~55 mg/LE %‘;ﬁﬂ%‘:} %949‘] 7(:)]
NEOSEPTA®/\]E]5_O]E‘% ool L w3hae CMX-SBd - ST = 5o WEAY Ast4=oll 11,000 pS/cm

Table 1. Properties of ion exchange membranes

Type CMX AMX
Characteristics Strong Acid (Na* type) Strong Base (Cl type)
Mechanical strength High High
Electrical resistance* (Q-cm?) 3.0 2.4 5
Destructive strength (MPa) = 0.40 = 0.25 oT»
Thickness (mm)** 0.17 0.14 i
Inter-membrane distance (mm)** 0.73 0.73 e
Dimension (cmX cm)** 4.75 X 11.6 4.75 X 11.6
Operating pH 0-10 0-8

Obtained from manufacturer
*equilibrated with a 0.5 N-NaCl solution at 25C
** measured at the laboratory
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Table 2. Water quality of groundwater taken at four locations

Sangback Sumoon Sungbuk Ilgam
pH 7.7 7.63 8.0 7.17
Conductivity (#s/cm) 350 162.5 258.3 317 ~ 531
Bacteria (CFU/100 ml) 72 99 12 -
Turbidity (NTU) 0.248 0.286 0.226 0.201
TOC (mg/L) 1.03 0.64 1.02 1.03
Arsenic (pg/L) 44 33 118 7
Mn** (mg/L) ND ND ND ND
Pb** (mg/L) ND ND 0.002 0.009
NO,;-N (mg/L) 2.17 0.77 2.17 5.5

Table 3. Water quality of the concentrated Sungbuk water by nanofiltration

pH

Conductivity (uS/cm) Arsenic (pg/L)

Sungbuk water, concentrated 7.75

1,400 1013.3

Table 4. Water quality of the synthetic waters

Tap water, spiked | Ilgam water, spiked 1 | Ilgam water, spiked 2 | Ilgam water, spiked 3
pH 7.08~7.37 7.50~7.67 7.70 7.68
Conductivity (uS/cm) 1,222~1,279 2,063~2,288 5,080 10,020
Arsenic(ug/L) 94.92~103.94 92.85~108.73 105.57 98.60

o A7IHERES] Hol&d 177~1,000 ng/L H ¢
= v A7 A& vl 9Jti(Chakraborti et al., 2003;
Han et al,, 2013). o]o] AlA| T H] 2 92|50}

Mgk 2A0IA ule A AFS Saela 4w
Aol55 5 25to] AL ol 913, TORAYA}
9] Y=o} HH(NE1812-70, Toray, Japan)Z ©|-83}¢]

902-97%2 %3te] ALgSIA $HE Aot 4
A E4-E Table 30 e glch
232 QB4

EDAIE] LA sl u]aAA LS Al

at7] Qo sEaet AT 4E WA USSR Bk <
242 ARt} AgaT N4 AEEUL 1L 2
£=29] sodium arsenate (Na,HAsO,-H,O, Sigma-Aldrich,
Germany)2 4.082 g& &8l|A1A AT A%
Hj2 AEQo el 57MH|AE 1,000 mg/Lolglth

E5o] dAF] H|29} NaClgd 58 715t
ThEss Azl o o MakEs 94 o
AT oheSReld WEE FESE
100 plL2 et E3h AAINsIGo] 2hF

— O

o 4>

EA& olg3to] EDO| 2AxAL mhetsly] s o
AAsEo] D] H| 49 NaCl-g-HE& 3 7}s}o]

2|5k 2
A4S 2AS 2AY SEpe dgHse
[e)

SAE4 S Table 49 LR ST,

A7) A of o] ol§t @48l £8S Tl ¢
o] A4t Alsio Helmo] e BHRNT, B
o] 52 B2 99| 045 1m] GFC(Whatmen TM, UK)

|

o o] gt HgBAL AT Hl4, W 121
7F el S EAFZal2ul B3gH A 7| (inductively

coupled plasma optical emission spectroscopy, ICP-OES)
(Thermo scientific, ICP-6000 series, Japan)®2 H-A13} ¢ Th
84 Zepade] ARS Wi, A4 A4 8L 7}
71 mi¥) Z5l0] pHE 2 osl2 Wi 2% ol
100 mlo] =5 A stk HEA ARERE w2
H| 4> 193.70 nm, & 220.35 nm 12|31 Y7t 257.61 nmoO)|
At A7 AEE=Q} pHE= Orion 5 Star(Thermo Fisher
Scientific Inc. Beverly, USA)7]|7]& ©]-8-3}¢] £A435}%
t}. Bl 2100N Turbidity matter (Hach, USA)7]|7]&
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3,59, 12. 158 Hi}A]
AR HaFEet M7 HMEE HIHE tf3 Fig 29}
Table 50 2|s}3itt. Fig. 20 Uehd Hie} Zo]
O A7 Agbo] Aupapes A} RobAl
oh wobzl A7 A== Yoo St o]0l &
S22 o]l Hehdnh BaAAES H7HE
= et tiHsiA Frleke Refe UEW ITh H
20| 20] ofg} o] 23 A o] 2u S Fa}sto]
FEXRE OlFSIeS o ¢ Utk sHAIYE AV E
T W3kgo] HlaAAgR Y 24 UEETh 820
259 st AV AEER FHE= A T
T o, HAaET 3] FAHOR EASHE Na,
I, SOF52] A7} ¥l wol Yolde o 4 e,

A7 AEE7F 1,250 pS/cmo| 4] 20 pS/cm= Zrash
= g 15%0] 28 5H}laL, 158 FIA] Hlases 8
ng/LE 91.3%9] AAES YAtk -8 ol A

1400 - 100
<
[0
1200 -
< 80
86.27 ug/L <&
1000 +—0 70
3 g
2 e
= 60 2
S 800 - ° 2
5 69.93 pg/L 3
g Yol 50 g
2 600 - 2
8 a0 <
o
48.30 pg/L 20
400 (o)
o 20
200 o
o 2230 He/L 10
17.23 L
i O o ugm/ 8.27 pg/L
o T T T T T i Y o

0 2 4 6 8 10 12 14 16
Time(min)
Fig. 2. Variation in conductivity and arsenic removal during
ED operation.

Table 5. lon concentrations of synthetic water during ED

operation
Filtration time (min) 1 3|5 9 12|15
Arsenic removal (%) 11.0/127.4/49.9/76.7 82.1/191.3
Conductivity (uS/cm) 996 699 | 399 (99.9| 50 |20.2
Conductivity removal (%)|20.3 44.1|68.1/92.0/96.0(98.4

202 HAsO =2 &A= v A ¢=
0.905 x 10° cn’s’ @2 4] Na' 1.334 x 10° em¥/s!o|ut
Cl 2.032 x 10° em’/s' B} W-e Holu} A7|2el &
of ot goitel EdolFo] FiFoR Yot
ek 4= Qltk(Lide, 2000). ¥l 5(2007)0] 4=3§3+ EDU}o]
I Aol A= AA A skl A8 16 mg/Le] &
AgALTE Hesws A7]EQ 10 mg/LE Wolx|=
gl 10 V A=A A 155 o] Hashs grelvt
ATk Ao =9 e dYo] AL A ALY vt
Lo o] 2EA A Aot wfj X|slarA glo A-85k=
ED"rodub= ofj=f 1587He] AA7to] dashs o
o Qlth sEARE 158 43 & 7| " EE+= 20 pS/em
2 dolped olE FEEEETERE SISt of
8.4 mg/L7} Et}. EDHFojutE 7| Zo] A9 §l= A
2l =7F AR, S8R0 FF Alodle 7 5%
227} D3-S YERdTH

3.2 HiZO0|2 S0 [ME HIAMHE

Hl2of @ @dE Asto] A7H=E ®9l= 200~
11,370 uS/cm7}A] theFstA Hal =31 QIth(Han et al.,
2013). & o] YA Aol A BlakT A7]A o]
o] 2 oJe} o] 259 =7t =W EDof| &3t H]
2AAZE AFAY = Ak wEbA ZAdA S
Al Hol&F w7t v Agol v|X]= S Tfotst
A} AIRIFTE 2ASH] wrolnE =35eic o
AR slpol deE vAaE 7R dAddsaeo 5
22 Table 40 AA=o] qlot. 42 12 VAYFLR
AP, Ao &4 FEE 949 Ax=rt
20 pS/eme]] =G5S wf H|A9] =7 9
7)ol S35 7] wzell, 20 uS/emA] ol A
TR

AE%7} 20 pS/emz ZAs=g AQ8FH AIRE
2,086 pS/cm @] 195, 5,080 pS/cmP wj 26E 18|11
10,020 pS/em®! W) 3050 & 7}z Uehdr). A7 Az z7}
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Fig. 3. Changes in conductivity at three conductivities (2,086,

5,080 and 10,020 uS/am) of ligam synthetic groundwater

by ED.
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Fig. 4. Arsenic removal with increased salinity in ligam synthetic

water.
EI4E AR AS AL A7) A9 A8 A
o] Aojg o 4= vk EF 7 A A2 b
el 651, 3.97 1181 4.09 pg/LE UERYo] HEE
$A7EE BE FESQT A7AERe] WSk

Fig. 30| H|2&A| A= Fig. 40l Yttt drtdo=
EDo]| 2J3}F utojat= AE . ¥2] 7,000~10,000 pS/cm
oA oA AREC] A FAETL dHA Utk
(Strathmann, 1981). Hj 7 o] wWE H|AAAE
aolet Axt oF 2,000~10,000 pS/cme] Y5= AL
o A2 A 7ko] 19804 3020 &2 F7letg o, H]i
AAES oF 93-96%= =7 FAES & o+ Stk
wrEbA] R|Bkg fdaEeol vl ko] A2 AIxkE St
AlZ1|, Hlae] e dE Aotaers Hew A7IE o)
W=z XM?—_I T US AoE HoET

3.3 Hfoll mE vlAMH EY

EDYo T} Al Q72 AEA| 7t AFAEEF

28l o] A Agol tigt FFE AW, o= ED¥
Ao MAZr| 9lo] FQ3dF Qaolth AL of
1,000~4,000 uS/cm®] H$jel A0 FAAFE =4
3+ 2] Z(2013)2 10~12 VH 9], = 2.0-2.4 Vicell-pair7}
AR QFoletal Ralsl itk Walker %—(2014)2 Rl
AlZE 2088 71E o2 Aol 1.5 Vicell-paird w] 95%
o] o] 2A|AES Heltkal sqlch BlaAAESHY
A HAALE FA oF 2,000 pS/eme] A HAE
olg] Afx1lA EDE A&ttt &4 A4 6,
9, 12 VO 2 X paird 1.2, 1.8, 2.4 V/cell-pairo] Tl

A7l wE AYAIgE AFUE il H|aA|
A go] WMEHE AR Aits T k. Ag AR
HAET7F 20 pS/emz 7A=Y 2989 A7 6 VY
o] 405, 9 VY o 278 1831 12 v o] 1980]%1 o
™, ZF Fetol A Hd| HF= 0.2, 036 1|3 0.56AF
Ueldth A el4=o] HlasEl 7.04, 6.13 18] 31 6.64
ug/L= A °oF 93~94%9] A AE&S el Ao wE
ajol 27] okokrh(Fig. 59} 6). 7154 uto]aho] A
Q7FAGLY F7He olLmee Aneld FI=E 5
TN A s ETFTAS ASHA 71T} Nernst-Planck 2] S

2 A Eo] M7 AI717F S718kE A7 el
gt o] 2ol F& =Tt WebA A o] 2 ughuto] ok £
a-go| Z7lsh7] yj&Eo|thWalker et al., 2014). A% 2
ol A molEo] Ao Al FEEIe) Frlz
oo} M7\ Mol Z7heka 27 AFe] MFA
b olojzlon], AHEE A2 A7He ZHasksit.
A7bE Aotk BelH o] &xmo nigdiA Fleh=
lof A SRS efTehE v 4eol 2] m
SHATE A AIZE 5 ARES o £ Ad A
V/cell-pair7} ZAstctar sekE ol

ﬂL

I:ISL

= %~ 30 o
rlr o

2500 4

oev [O9v o122V

2000 @
1500 +

1000 -
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%)
=)
S
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Fig. 5. Changes in conductivity at three voltages (6, 9, and
12 volts) with llgam synthetic groundwater.
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Table 6. Effects of voltages on arsenic removal

Voltage 6 9 12
Arsenic removal (%) 92.9 94.4 92.8
Filtration time (min) 40 27 19

sloll W HIAKZ S4

A RG4S F7E A1 B
A

&
|HF771 gForA EDe €]

w
N
12
re r%
»
rE

L R RET AT
% wisto] we HaAA B4 1)

&l
o] 020 199} 13.5 cm/sec

2o yhH O &0 154 cmisec O 2 AT B

%0 WhH G40 19,49, T12]1 154 cm/sec O 2 W3}

A|FHI o] o 3Lz uhHe 42 13,5 cm/seco] T
Pk’ Q :

SAHA S AAQE 12 VE 1AL, $4L 3|A%
A=E=7}F 20 pSlemof] =E3lE o S

S|4 x0) "y o] F7kshH EDAE ] T A
o] FA 7} ¢fobA EDHfC 29] o] ggo] Wepy o
24 A 271 7k A= LA Qo 2
8240] 1.99) 4] 13.56 c/sec2 =718 uff A7|AEE A
BIAZEE 342 oA 15EO2 FolE= Z o= YENT:
SEAUE WA AE-2 Fig 7] LR vk} Zro] 92.4%9])
A 89.8%= HBSIGITE o] 5(2009) UL W2
B5ols 557 AAEol niAls 9] w2 vt
A, FUEE7 UE =01 EDAEY AFAIZE 7H4e]

Tt Gl AXAM WAAS A daairt et
Feh s522 HHFEHskE A7 EE 22
ol A EafolE UERA] ¢keke, Fig. 7ol vl
HRel gho] H|aA 782 oF 90~92%0°] et
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Fig. 7. Effects of superficial velocities on diluate and concentrate
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Table 7. Removal Arsenic in groundwater by electrodialysis

Locations, condition Sumoon Sangback Sangback, spiked Sungbuk, concentrated
Feed (ug/L) 30.84 42.91 97.41 1013.3
Diluate (ug/L) 4.84 2.51 6.07 238.0
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