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Removal of Zinc Ions in Wastewater by Electrodialysis 
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Abstract-To obtain useful data for treamlent of the wastewater discharged from zinc electroplating processes, we 
investigated the effects of operating parameters, such as the initial concentration of dilute solution, the flow velocity 
and the applied voltage, on removal rate of Zn -'+ in the model solutions using an electrodialysis system. Zinc ions in 
the solutions were effectively removed by the electrodialyzer with CMX cation exctmnge membranes and AMX anion 
exchange membranes. The initial concentration of dilute solution, the flow velocity and the applied voltage strongly 
affected the performance of the electrodialysis system. As the initial concentration of dilute solution, the flow velocity 
and the applied voltage were increased, the removal ratio was increased. The energy consumption was increased as 
the initial concentration of chute solution aid the applied voltage were increased, whereas the effect of the flow vdodty 
on the enelgy consumption was negligible. 
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INTRODUCTION 

Valuable metal ions are dissolved in industrial effluents through 
rinsing and pickling processes in surface finishing and p]atiug in- 

dustries. The effluents are both main pol lut ion factors and a con- 

siderable loss of raw materials. In parficulai; if the effluents fi-om 
electroplating plants are not properly treated, they are a signifimnt 
source of water pollution. On the other hand, the effluents are the 
cause of considerable a&!itional cost of mw materials. Therefore, 
for plating and surface finishing industries, recovery and recycling 
of metals in the efflue~its is an important technical and econonfical 
problem [0gfltveren et al., 1997]. 

For wastewater treatme~ membrane technology is progressively 
replacing traditional tedmiques such as chenfical precipitation, coag- 
ulation, complexation, activated carbon adsorption, solvent exlrac- 
tion, form flotation, and cementation [Peters et al., 1986]. Mem- 
brane separation processes, e.g., electrodialysis, reverse osmosis 
and ultpafiltration, are very attractive for treatment of industrial efflu- 
ents because valuable metal ions can be recovered directly for reuse 
without chemical transformation in these processes [Rarnachand- 
miah et al., 1996]. 

Electrodialysis was developed mainly for concmm'ation of sea- 
water and water desalination. In recent years, dectrodialysis has 
been widely used for desalination of food or medicines and for re- 
covery of acid or metal from indmtrial effluents. To concel-~rate the 
dilute solution of ZnSO4, Audinos [1983] used an electrodialysis 
system. As a result of optmfization with respect to lime, tie reported 
that the concentration factor was high when the product of the ex- 
change area by the inverse of channel width was high. 

Wisniewska and Whmic!d [1991] removed Zn > and C1- in the 
solutions by the electrodialyzer witii AESD and KESD ion-exdiage 
membranes. They observed tiiat at a cun-ent density of 28.6A/m 2, 
the ion dilnination coefficient was tfigh when the energy consump- 
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tion was equal to or less than 4 kWh/m ~. 
Sistat et al. [1997] recovered sulfuric acid from the effluents con- 

taining metallic salts IMg, Zn, Mnl by using the dectrodialyzer with 
a modified Nation cation exchange membrane. They reported that 
selectivity of the cation exchange memblane towards protons with 
respect to bivalent metaUic cations was enhanced by electrodeposi- 
tion of the positively charged polyelectrolyte on the surface of the 
cation exchange membrane through an in situ method. 

Aouad et al. [1997] investigated the properties of the anion ex- 
change membranes (Neosepta AC S, Neosepta ~ Neosepta AFN, 
Selemion AMV, Morgane ADP I in contact with the aqueous so- 
lntions containing zinc chloride complexes. Monovalent cation elec- 
trotransport became much easier when zinc chloride was present 
in the solutions. Wtien electrical current crossed the membroiies, 
large-size ions which equilibrated the fixed sites of the membranes 
were replaced by chloride ions. 

Cho [1989] studied limiting CtaTmt density and ionic mass trans- 
fer rate of zinc ion using an dectrodialyzer consisting of an anion 
exchange membrane (Selemon AMV) and a cation cxct~ge men> 
brane (Selemon CMV I. He suggested the two empirical correla- 
tion equations for limiting current density and ionic mass transfer 
rate of ~nc ion are as follows: 

I~,,~ =66: :V~ :C T M  (1) 

N, =2.18: :P~ sa: :S~ 3a: : (~)  l'~ (2, 

In this study, to obtain usefftl data for treatment of the wastewa- 
ter discharged from zinc electroplating processes, the effects of oper- 
atitg l~iarliet~IB, such as tile initial conceli[i-ation of dilute solution, the 
flow velocity and the applied voltage, on removal rote of Zn ~§ in 
the model solutions using an electrodialysis system were investigated. 

EXPERIMENTAL 

1. Preparation of Model Solution 
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In this study, the model solutions, which contained 3(~-~ mg L -~, 
600 mg L l and 1,000 mg L l of Zn -~+, respectively, were prepared 
by means of dissolving a c e ~ i n  amount of ZnSQ.?H~O in deion- 
ized water. 1.5~ ~'qa2SO4 solution was used as the electrode solu- 
tion containing a colnmon aniotl Before making use of the model 
solutions, Zn -~+ concentration of the solutions was measured by an 
atonlic absorption spectronleter (Thenno Jan-el Ash, Snlith-Hieflje 
4(x)01. 
2. Experimental Apparatus 

A schenlatic diaglam of tile expelimental electrodialysis syste~n 
(Tokuyama Co, TS-I-101, which was used in this study, is shown 
in Fig. 1. The membrane stack configtn-ation used in this work is 
illustrated in Fig. 2. The stack consisted of a collection of alternat- 
ing cation exchange membranes and anion exchange membranes 
whidl were placed between an anode and a cathode. Tile cation ex- 
change membrane and the anion exchauge membrane utilized in 

t 
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Fig. 1. A schematic diagram of the experimental apparatus for 
electrodialysis. 
1. Rectifier 6. Dilute solution pump 
2. Electrodialyzer 7. Concentrate solution pump 
3. Flow meter 8. Concentrate solution tank 
4. Valve 9. Electrode solution pump 
5. Dilute solution tank 10. Electrode solution tank 

Concentrate 

Electrode 
Stream 

Anode -- 

+ 

"L':~f'Cetion exchange membrane 
Anion exchange membrane 

Fig. 2. Stack configuration used for this experiment. 
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the stack were Tokl~yama cation exchange membrane CMX and 
Tokuyama anion exchange menlbrane AIN&X, respectively. For file 
equivalent anion mass h-ansfer between the concermate solution 
and the electrode solution, two sheets of the anion exchange mem- 
blanes were installed near tile anode. And the cation exchange mem- 
brane and the anion exchange membrane were installed alterna- 
tively. Tile membrane stack cotffigtu-ation permitted tile cathode to 
avoid electroplafiug. As a result of the an-augemeut, the stack had 
two cell pairs and an isolating compartment. 

As electrical power is applied to tile stack wine elecb-olyte streams 
flow through the stack, cations ~avel in the direction of electrical 
field and pass through the cation exchange membranes, but are re- 
pulsed upon the anion exchauge membranes. Likewise, anions mov- 
ing in the opposite direction pass through the anion exchange mem- 
blarles, but are repulsed upon file cation exchange membianes. As 
a result of this phenomenon, there are two streams except for an 
electrode stream. One stream Ithe dilute stream) becomes increas- 
ingly depleted of electrolytes and tile other stream (file concenb-ate 
stream l becomes increasingly enriched with electrolytes. Using such 
a pAnciple of electrodialysis, zinc ions in tile model solutions can 
be eliminated. 
3. Experimental Methods 

Tile elecb-odialysis system was operated in a batch mode. Tile 
dilute stream, the conceutmte stream, and the electrode stream flow- 
ing from their respective holding tanl~, were pumped and entered 
tile stack. After ti]ak tile streams were recycled to their hok!ing tanl~:. 
Flow rates of the dilute smeam and the concentrate stream were meas- 
ured by flow meters. Flow rate of the electrode streanl was f~xed at 
3.252 L/min. The electrodialysis experiments were conducted until 
zinc concenffation of the dilute solution reached 10% of initial value. 

Tile experinleigal procedure is as follows. Fh-~t, tile experimental 
agem0ds was rinsed by recycling of deiouized water for 15 minutes. 
After the rinsing water was eliminate& the experimental apparatus 
was rinsed again for 2 minutes using small amount of the solution 

which would be used for each experiment At  this step, flow ve- 
locities of file dilute sbeam and tile concer~a-ate sbeam were ac~usted 
at the desired values. After the solutions which were used for rinsing 
were diminated, the dilute solution tank was filled with 1 L of the 
model solutioix Tile concenb-ate solution t a n  was filled with 1 L 
of the solution of which Zn ~+ concenh-ation was 10% of the initial 
Zff + concenU-afion of the model solution. After file electrode solu- 
tion tank was filled with 1 L of the electrode solution, the experi- 
ment was started by supply of electrical power to the dectrodialysis 
apparatus. 

To obtain e:~erimental data, 5 mL of sample was obtained from 
the dilute solution tank every 5 minutes. Conductivity of the dilute 
solution was measured by a conductivity meter (TOA Electrics, 
CM606 I. The electric current which flowed through the equipment 
was measured smlultaneously. Arier the sample was diluted by some 
deionized water, Zn '+ concentration of the sample was measured 
by an atomic absorption spectrometer (Thermo Jarrel Ash, Smith- 
Hief~e 40001. Tile experimental conditiotxs are listed in Table 1. 
4. Treatment of Experimental Data 

Stack resistance is tile sum of all electrical resistances present 
witiml tile stack at any moment. Elecbical resistances arise fi-onl 
both membrane and solution coutributions. A p ~ e n t  stack resis- 
tance, R,, is calculated fronl [Gering and Scanlehort~ 1988] 
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Ro _V~S (3) 
nI 

where I is the current over tirae interval At as given by 

I = ~ i ( t )  dt (4) 

Energy consumption of each experimental run is given by 

W=Vo~i( t )  dt =V~I (5) 

On the other hand, removal ratio of Zn -'+ is calculated as follows 
[Wisniewska and Winnicki, 1991]: 

C0 - C  
R,(s 0)=----~c,: :100 (6) 

R E S U L T S  A N D  D I S C U S S I O N  

Fig. 3 shows the vaiadon of Zn -'+ concentration of the dilute so- 
lution with time for the different initial concer~ation of dilute solu- 
tiort The Zn > concentration of the dilute solution decreased with 
increasing time. It can be explained that electrolytes in the dilute 

solution gradually moved to the concenl]-ate solution by electrodi- 
alysis. Rougtfly, three raajor periods could be dis~lgulshed in the 
variation ofZn ~ concenlration of the dilute solution with time. De- 
creasing rate of the Zn > concentration for the middle period of elec- 
~odialysis was lager than that for the itfitial and final periods ofelec- 
trodialysis. The stack resistance for both the initial and final peri- 
ods was larger than that for the inick!le peri~l because, for these 
periods, the Zn '+ concentration difference between the dilute solu- 
tion and the concenlrate solution was large. The large stack resis- 
tance led to a decrease in the dialytic rate. For the middle period, 
the stack resistance decreased because the concentration difference 
was decreased by progress of electrodialysis. Therefore, the dia- 
lytic rate was large during the middle period. 

1000 . 
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~" 400 
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Fig. 3. Variation of  Zn  2+ concentration of file dilute solution with  
t ime for the different initial concentration of  dilute solution 
(V L =6 cm s -1, V~=10 V). 
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Fig. 4. Effect of the applied voltage on the variation of Z n  :+ con- 
centration of the dilute solution wi th  time (C~=600 mg L 4,  
V z = 6  cm s-l). 

On the other hand, Fig. 3 shows that as the initial concenl]-ation 
of dilute solution increase& the required time for a certain removal 
ratio was incl~asec[ C~Qtveren et al. [1997 ] studied removal of C~ '§ 
in a rinse water using the recirculation electrodialysis system. They 
reported silnilar results. In additioi~ Chung et al. [1996] studied the 
effects of the initial concenlrations of electrolytes (CktSO4 and H~SO 4 ) 
on the fltrr of Ct] + in the electrodialysis system. They reported that 
as either the initial concentration of Cu '+ or the initial concentration 
of SO~ increased, the flux ofCff  + was increase& Choi [1987] ob- 
served that the Cu > fltrr was proportional to copper ion concentra- 
tion in the feed. 

Fig. 4 shows the effect of the applied voltage on the variation of 
Zn > concentration of the dilute solution with time. As the applied 
voltage increased, Zn -'+ concenlration of the dilute solution sud- 
deNNy decreased with time. The result can be explained by the elec- 
bical power being a driving force for electrodialysis. Ramact~ld- 
raiah et al. [1996] treated samples of the effluent and the sludge, 
which were coUected fi-om the metal plating industry, using elec- 
trodialysis. They reported that percentage reduction of ionic com- 
ponents in the effluent sample was increased gradually as the ap- 
plied voltage and the cun-ent increased. O~utveren et al. [1977] also 
reported that percentage reduction of the metal ion was increased 
as the applied voltage increasec[ They observed that the required 
time for a certain value of the percentage reduction of the ion was 
increased as the applied voltage increased. 

Fig. 5 shows the effect of the flow velocity on the variation of 
Zn -'+ concentration of the dilute solution with time. In induslrial elec- 
trodialysis systems, flow velocity of electrolyte solution usually var- 
ied fi-onl 3 cm s -~ to 10 Cln s -1 [Hatte~thach and Kneifel, 1986]. In 
this study, the flow velocities were 4 cm s ~, 6 cm s ~ and 8 cm s 1. 
It can be seen m Fig. 5 that an increase m the flow velocity led to 
an increase in the dialytic rate. It can be explained that as the flow 
velocity increased, the boundary layer between bulk liquid and the 
ion exchange membrane thinned and in result diffusion rate of ions 
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Fig. 5. Effect of the f low velocity on the variation of  Zn ~+ concen- 
tration of the dilute solution wRh time (C~=600 mg L -~, V~ = 
10V). 

was increased. Huang et al. [1983] studied the effects of the flow 

velocity, viscosity of electrolyte solution and thickness of electrodi- 
alyzer on ionic mass b-0z~sfel- rate of copper ion in an electrodialyzer 
at limiting current density. They reported that the dimensionless 
mass ~-ansf~- rate (Nu) varied directly with Re ~ ~. In a&!ifion, Cho 
[1989] obtained a similar result. Cu the other han& in order to ob- 

tain data for optimization of electrodialysis membrane stacl~ in water 
desalination, Hattenbach and Kneifel [1 986] investigated the effects 
of cell thickness and the flow velocity on water production cost 

They reported that for the industrial membrane stacl~ applied to 
water desalination, cell thickness of 0.4-0.6 mm and the flow veloc- 

ity of about l 0 cm s -~ seem to be the most economical design cri- 

teria. 
Fig. 6 shows the effect of the initial concer~ation of dilute solu- 

tion on the variation of the stack resistance. The stack resistance is 
the sum of all electrical resistances present wittml the stack at any 
given moment. It is well known that solution resistance depends 
on elecb-olyte conceim-adon [Gering and Scamdlom, 1988; Chung 
et al., 1996]. In this study, the initial Zn  > concentration of concen- 

trate solution was 10% of the initial concentration of dilute solu- 
tion. Therefore, during the inidal l ~ r i o d  of each exl:efiment the stack 
resistance gradually decreased with time because Zn  -'+ concentration 

difference between the concentrate solution and the dilute solution 
was gradually decreased due to ion ~ansfeE The stack resistance 

showed a minimum value when Zff + concerm'ation of the concen- 
Irate solution a~nost equaled that of the dilute soludoi1 ARer show- 
ing a minimum value, the stack resistance was increased again be- 

came the concerm-ation difibrence increased. In addition, as the initial 
conceim-ation of dilute solution increase& the minimum value of 
the stack resistance was decreased. 

Fig. 7 shows the effect of the initial concei~-ation of dilute solu- 
tion on the variation of the current with time. The current initially 

increased with time and decreased after showing a maximum value. 
In the initial period of each experimei~ the cunent gradually in- 
creased with time because the stack resistance gradually decreased 

due to ion ~ansfer. The current showed a maximum value when 
the stack resistance was the minimtml value. A ~ r  showing the max- 
imum value, the current decreased because of an increase in the stack 
resistance. Comparied to Fig. 3, the dialytic rate was ahnost con- 
stant when the current remained over initial value of the current. 

whereas the dialytic rate decreased fast when the current fell to under 
the initial value. In a&litio~ the ma, dmtml value of the cunent was 
observed when Zn -'§ concentration of the dilute solution was about 

half the initial concentration of dilute solutiort Therefore, as the 
initial concen~ation of dilute solution was increased, it took a longer 

time for the current to reach the maximum value. It could be ex- 
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Fig. 6. Effect of  the initial concentration of dilute solution on the 
variation of the stack resistance with Zn  :+ concentration of  
the dilute solution (V~=7  V, Vz =4 cm s4).  

January, 2002 

1.4 

1.3 ~A~/~ 

1.2 ~ ~'&",~ Co(rag/L) I 

1.~ J "~ \ .  -o-6oo-~176176 I 
1.0 Z ~a 
0.9 z~/ '~,a - ,x-  ,ooo 

I .o' ~ \^ 

"o ,-, 
0,6 6 ~,ooo-oo__ X X 
o.5 %, 

,- % , .  %. o.4 o, ',~. 
0.3 "~. .~ %.0 %'~, 
0.2 ~ ~ .  

0.1 

0 5 1 20 25 30 35 40 
t (rain) 

Fig. 7. Variation of tile current wRll tinle for tile different initial 
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Fig. 8. Effect of the applied voltage on the variation of the current 
with  t ime (C~=600 m g  L 4 ,  Vz =6 cm s-~). 

plaiued that as the initial concenb-ation of dilute solutic~l increased, 
the required time for a certain removal ratio was increased. 

The effect of the applied voltage on the variation of the current 
with time can be seen in Fig. 8. As the applied voltage increased, 
both the increasing rate of the current before the ma:dmum value 
of the cunent and the decreasing rate of the cunent after the raax- 
imum value of the current increased. Regardless of difference of 

the applied voltages, the maximum value of the current appeared 
when Zn -'+ concentration of the dilute solution was about half the 
initial concenlmtion of dilute solutioi1 When the inifal concentra- 

tion of dilute solution was constant~ the maximum value of the cur- 
rent was increased with the applied voltage became the stack re- 

sistance was almost same at the time when the ma-dmum value ap- 
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Fig. 9. Effect of the flow velocity on the variation of the current 
wRh time (Cn=600 m g  L 4 ,  Va=10 V). 

Table 1. Experimental  condition 

Initial concentration of dilute solution 

Initial concentration of concentrate solution 

Applied voltage 

Flow velocity 
Temperature 

Effective membrane area 

Number of cell pairs 

Cell thiclmess 

Volume of dilute solution 

Volume of concentrate solution 

300, 600, 1,000 mg L -~ 

30, 60, 100 mg L 

7, 10, 13 V 

4,6, 8 c m s  -~ 

23• ~ 

100 cm-Ysheet 
O 

0.75 ram 

1L 

1L 

p e a s  

Fig. 9 shows the effect of the flow velocity on the variation of 
the current with time. As the flow velocity increased, the required 

time for the maximum value of the current was almost same, but 
both the increasing rate of cunent before the maximum value of 
the current and the decreasing rate of the current after the ma:d- 
mum value of the CUXTent were increased because the dialytic rate 
was increased due to the thinned boundary layer. In addition, as the 

flow velocity increased, the maximum value of the current was in- 
creased because the stack resistance was decreased due to the thinned 
boundary layer. 

The effects of the applied voltage, the flow velocity and the initial 
conceim-ation of dilute solution on the renloval ratio fox b 2 5  min 
are shown in Table 2. On all the operational conditions in this study, 
the removal ratio for t ~ min was greater than 62~ W]le~l V~ 
13 V, C0=3(x) mg L 1 and V~=8 cm s ~, the maximum value of the 
removal ratio (99.35~ could be obtained. As the applied voltage 
and the flow velocity increased, the renloval ratio was increased. 
The removal ratio was increased with a decrease in the initial con- 

cenmation of dilute solution. However, on the condition IVe=? V, 
C0=l,(x~x) mg L 1 and Vz=4 cm s 1 I, which gave the minimum value 

of the removal ratio, the removal ratio became 96.95% after ~) mira. 
The results mean that zinc ions in the model solutions were effec- 
tively removed by the electrodialysis system with CIVLX cation ex- 

change membranes and AM?( anion exchange membranes. 
Table 3 shows the effects of the applied voltage, the flow veloc- 

Table 2. Effects of applied voltage, flow velocity and initial concen- 
tration of dilute solution on removal ratio for t=25 rain 

(unit: %) 

Applied How velocity 

voltage (V) (cras ~) 

Initial concenta-ation of 
dilute solution (rag L -1) 

300 600 1000 

7 4 69.67 64.97 62.24 

6 72.8 70.67 66.26 

8 75.85 74.73 66.46 

10 4 93.17 91.53 84.39 

6 95.17 93.6 87.51 

8 98.29 97.48 89.44 

13 4 95.04 93.03 84.56 

6 98.14 97.58 89.99 

8 99.35 97.92 94.5 

Kol~ean J. Chem. Eng~(VoL 19, No. 1) 
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Table 3. Effects of applied voltage, flow velocity and initial concen- 
tration of dilute solution on energy consumption for 1L = 
90% (unit: Wh) 

Applied Flow vdocity 
voltage (V) (cra s *) 

K. H. Choi and T. Y Jeoung 

tmtion of dilute solution. 

Initial concentration of 
dilute solution (rag L ~ ) 

300 600 1000 

7 4 1.135 2.246 3.174 

6 1.134 2.281 3.223 

8 1.140 2.304 3.241 
10 4 1.655 2.841 4.747 

6 1.673 2.820 4.885 

8 1.657 2.629 4.831 

13 4 2.300 4.309 7.263 
6 2.242 4.148 7.371 

8 2.278 4.175 6.932 

ity and the initial concentration of dilute solution on the energy con- 
sumption for R~ 90%. As both the applied voltage and the initial 
concentration of dilute solution increased, the energy consumption 

was increased However, the effect of the flow velocity on the en- 
ergy consumption was negligible. A useful correlation for the pre- 
diction of the energy consumption was obtained by exponential mul- 
tiple regression on the experimental results. In this study, the applied 
voltage, the flow velocity and the initial conceIm'alic~l of dilute so- 
lution were considered as the main parameters which influence the 
energy constmlptioi1 The energy consumption data were well cor- 
related by Eq. (51 with correlation coefficient of 0.987. 

(5) E .=d.796.10 a C~00V~03V20~ 
(R.C.=0.987, S.D.=0.3d8) 

C O N C L U S I O N S  

In ffm study, to obtain useful data for treatment of the wastewa- 
ter discharged from zinc electroplating processes, the effects of oper- 
ating parameters, such as the initial concentration of dilute solution, 
the flow velocity of electrolyte solution mid the applied voltage, on 
removal rote of Zn -'+ in the model solutions using an electmdialysis 
system were investigated. 

Zinc ions in the model solutions were effectively removed by 
the electrodialysis system with ClVLX cation exchange membranes 
mid AMX anion exchange membranes. 

As the initial concentration of dilute solution, the flow velocity 
and the applied voltage increased, both the dialytic rate and the max- 
imum value of the current were increased The required time for 
the ma:dmum value of the current was increased with an increase 
in the initial concenb-alion of dilute solution. Howevm; as the flow 
velocity and the applied voltage increased, the required time for a 
ce~ain removal ratio was decreased. 

The energy consmnplion for R~ 90% was increased as the initial 
conce~m-ation of dilute solution and the applied voltage were in- 
creased, whereas the effect of the flow velocity on the energy con- 
sumption was negligible. As the applied voltage mid the flow ve- 
locity increased, the removal ratio for t=25 min was increase& The 
removal ratio was increased with a decrease in the initial concen- 

N O M E N C L A T U R E  

C �9 concentration of dilute solution [rag L 1] 
Co : initial concentration of  dilute solution [mg L 1] 
cl~ : equivalent diameter [cra] 
Ec : energy consumption [Wh] 
I : current during time interval [A.h] 
i : current [A] 
Ii,~ : l imit current density [A/cm e] 
L : length of effective area for current [cm] 
n : number of cell pairs 

N~ : Nusselt number 
R~ �9 apparent stack resistance [~ - c r a ]  
R.C. : regression coefficient 
R~ : Reynolds number 
R, :removal ratio [%] 
S : effective area of cell pairs [cm e] 
S~ : Sctmfidt number 
S.D. : standard deviation 
t : t ime [s] 
Ve : applied voltage [V] 
V~ : apparent or observed stack voltage [V] 

V: �9 flow velocity [cm s -z] 
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