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Abstract

Mechanism of treatment and remediation of synthetié*Golluted water body by membrane and electro-winning comatinn
process was investigated. The influences of electrolydtag®, pH, and electrolysis time on the metal recoveficiencies were
studied. Relationship between trans-membrane pressope(P), additions ratio, initial C& concentration on operatingfeiency,
stability of membrane and the possibility of water reuseenadso investigated. The morphology of membrane and eliesravere
observed using scanning electron microscopy (SEM), theposition of surface deposits was ascertained using cormtenergy
dispersive X-ray spectroscopy (EDX) and atomic absorpsipectrophotometer. The results showed that using low pressverse
osmosis (LPRO), Cii concentration could increase from 20 to 100/mgr even higher in concentrated solutions and permeaterwate
conductivity could be less than 205/cm. The addition of sodium dodesylfate sodium dodecy! sulfate improved Euemoval
efficiency, while EDTA had little side influence. In electro-vetion process, using plante electrode cell?*Ceoncentration could
be further reduced to 5 rig and the average currenffieiency ranged from 9% to 40%. Using 3D electrolysis treatm&o?*
concentration could be reduced to 0.5/mgith a current éiciency range 60%—70%.
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Introduction heavy metal wastewater to harmless concentrations is an
important goal.

Significant quantities of heavy metals have been re- Traditional treatment processes (such as ion exchange,
leased into the environment due to rapid industrializatioractivated carbon adsorption, liquid membrane extraction,
and have created a major global concern. The procedsosorption) are incapable of reducing metal concentra-
of urbanization and industrialization is accompanied bytion to the levels regulated by law (such as precipitation
increased automobile and industrial emissions of heavprocesses), prohibitively expensive anffidult to operate
metals to surrounding water bodies (Castelblanque an(Couillard, 1994; Churchillet al., 1995; Bayharet al.,
Salimbeni, 2004, Chanet al.,, 2007). Copper, cadmium, 2001; Yanget al., 2001; Namasivayam and Senthilkumar,
zinc, nickel, lead, mercury and chromium are often detect2002; Wanget al, 2006). Electrochemical method is
ed in industrial wastewaters, which originate from metalthe most promising processes for heavy metal recovery,
plating, mining activities, smelting, pigment manufaetur however, its low currentfciency and high energy con-

printing and photographic industries, etc.(Kadirvetal, = sumption were the main problems, especially for low
2001; Williamset al, 1998; Changet al, 2007; Reeve, heavy metal concentration (Chen, 2004).
2007). Membrane separation processes is a powerful process

Unlike organic wastes, heavy metals are non-developed to remove various contaminants. It has some
biodegradable, can subject to bio-magnification andadvantages, such as continuous operation, low floor space
be accumulated in living tissues, causing various diseasesquirement and easy transportation (Ujang and Anderson,
and disorders (Kamitani and Kaneko, 2007). For examplel998; Castelblanque and Salimbeni, [—Q@A—P@&Mﬂdi;
copper can cause stomach and intestinal distress, livétenov, 2004). Membrane separation prgcesses are gaining
and kidney damage, and anemia. As a result, there hagidespread acceptance in the treatment of industrial and
been a tightening of the regulations for heavy metals irmunicipal wastewater, as well as in groyndwater remedia-
point source wastewater discharges. The remediation aion. Ozakiet al. (2002) studied the remg@val performance

of reverse osmosis membrane for the $eparation 8f'Cu
* Corresponding author. E-mail: zhanglinnan@iee.pku.edu and NP* from both synthetic and real plfting wastewater.
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Juang and Shiau (2000) studied the removal ot*Gand Table 1 Composition of synthetic water
Ni?* from synthetic wastewater using chitosan-enhance@,ameter Range Mean
membrane filtration.

In the application of treatment and remediation of heav ':2+ (mglL) I(floo ;0
metal wastewater, membrane process can also increase ;%ngﬂ_) 1-2 1
concentration of heavy metal content in the retentate wate€oD* (mglL) 50-120 100
making it easy for electro-deposition recovery of heavyEDTA (mglL) 5-20 10

metals. Combination of these two techniques can treatoyPropylene glycol (md) 20-60 40

heavy metals polluted watergieiently, at the same time, * %aused by EDTA, PPG, and sodium dodecy! sulfate; — usuatiyred
recovery of heavy metals and implementation of reusé "
of the polluted water can be achieved. Figure 1 shoer

ump, which provided the high pressure needed. Solution
amples were filtered with disk membranés’ ) manu-
factured by GE-Osmonics (USA), in which a polyamide
o3elective layer is supported on polysulfone layers.
The performance of the RO and UF processes were
evaluated by measuring €uconcentration, COD, con-
ductivity of the influent and fuent to the units, and

X ; ) trans-membrance pressure dropP). To improve the
water was investigated, and the variables such as Pressufg. oval dficiency of metal ions, theféects of additions

operation time, temperature, additions ratio and currenf o nic surfactant sodium dodecyl sulfate (SDS) and ED-

density were also studied. The possibility of water reuse inl‘A (AR, Merck, German) were also tested

ultra low pressure RO membrane separation process was

a typical flow sheet of electro-membrane combinatio
treatment process.

In this article, synthetic wastewater containing?Cu
was treated with low pressure reverse osmosis (LPR
and ultrafiltration (UF) membrane combining with electro-
winning devices (plante and 3D electrodes). The mech
anism of treatment and remediation of upolluted

evaluated. 1.3 Electro-winning devices
) The electro-winning cell reactor was made of acrylics
1 Materials and methods with dimension of 6 cmx 5 cm x 5 ¢cm and the total
system volume of 120 cfnCell was packed with a pair
1.1 Water samples of electrodes (graphite and stainless steel plates emghloye

Water samples were obtained from water body neafS cathode and anode, respectively). Size of each electrode
a print circuit board (PCB) factory in Shenzhen, SouthWas 4 cmx 4 cm dipped inside the reactor with the
China. The water quality was: pH 7-8, COD 100/mg ©ffective area of 16 cfa A DC power supply (DH1716-
concentration of C# 10-50 mgL. Synthetic water sam- /A, Matrix, China) was operated at a fixed current mode
ples were prepared by addingférent amounts of copper @nd the output voltage was recorded. To_ enhar_lce the mass
sulfates (AR, Merck, German) and other additions (suctransfer of Cé" onto the cathode, special active carbon
as EDTA, PPG, and sodium dodecy! sulfate) into distilledP@rticles were packed between the electrodes (Fig. 2).
water to simulate the real polluted water. The composition 1he €fects of electrolysis voltage, surfactant-to-metal

of synthetic raw polluted water is shown in Table 1. molar ratio, pH, and electrolysis time on the metal and
o ~ surfactant recovery feciencies were investigated. &u

membrane ranged from 25 to 1000 nfig.

The filtration equipment was manufactured by SAIBO 1 4 nstruments and methods
Industry (Wuxi, China). This laboratory scale membrane o ] ) ) _
filtration unit was used to carry out the experiments. It Metallic ions were determined using atomic absorption
consisted of a module containing two disk membrane§Pectrophotometer (AAS, Vario 6, Germany). Conductiv-
arranged in parallel. The system was fed by a plungety and salinity of water were measured using conduct-

Electrowinning
(plante electrode)

Water after electrowinning

Concentrated

sewage

Reverse Electrowinning Reverse
Heavy metal sewage . . © . Water reuse
0SMosis (3D fluid bed electrode) 0smosis i

!

Concentrated
sewage

Fig. 1 Simplified flow sheet of electro-membrane combination pssce
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Fig. 2 Schematic of 3D pack electrode cell. (1) separate memb(ahe;

packed active carbon particles; (3) porous supporter; ¢ijtisn inlet;

(5) wastewater outlet.

where,C, andC; are the concentration of metal ion in the
permeate and in the feed solution, respectively.

-2t
Ap  pR
where, SF is membrane specific flukis membrane flux;
Ap is pressure dierence between high and low pressure
sides of the membrang;is viscosity of permeate solution;
R, is total resistance in membrane filtration process.

Table 2 shows the permeability of low pressure RO and
ultra-filtration membranes. The resistance in membrane
filtration processR: in LPRO process was quite stable
in the whole Ap range studied, while in UF proce$$
increased with the increasing pressure.

The dficiency of LPRO and UF processes in removing
Cuw?** from wastewater is presented in Fig. 3. Conductivity
was reduced more than 80% and 90% after UF and LPRO
process, respectively. As shown in Fig. 3b,?Cwas

)

meter (EC215, Hanna Instrument, Germany). Morphologyemoved fairly well from the wastewater by LPRO. The
of membranes and electro rods were observed usingoncentration of Ctf in the product water (permeate)
Quanta 200 environmental scanning electron microscopffom LPRO process was reduced to an average value of
(ESEM) (FEI Company, Holland), elements compositionl mgL in two level series LPRO process for an initial feed
were ascertained by energy dispersive X-ray spectroscompncentration range 10-100 fhgEach step has an €u
(EDX) (EDAX, USA).

2 Results and discussion

2.1 Effect of copper removal and concentration in

LPRO and UF processes

The purpose of evaluating thefects of various pa-

removal dficiency of 85%. On the other hand, the removal
efficiency of Cd* by UF ranged from 65% to 80%.

Cuw?* concentration of retentive flux increased as the
feed raw water C& concentration increase. When feed
Cu?** concentration is less than 50 fhgLPRO C(#* con-
centration on permeated water always had concentrations
below 5 mgL. As feed C&* concentration increased, €u
concentration of the permeated water increased slowly,

rameters was to explore the suitable conditions for the

maximum retention of metal with the highest possible Table 2 Permeability of low pressure reverse osmosis and
permeate flux. Thus the retention of metal and the per- ultrafiltration membranes

meate flux were the main criteria for the evaluation ofsp (vpa) 01 02 03 04 05 06

performance of membrane processes. After metal ion conr=
centrations of permeate and feed solutions were measure

J{L/(m? h) UF 6 8 10 12 16 18
* RO 2 4 6 8 10 14

retention valuesR) were calculated according to following sk (m2hMPa)) UF 60 40 33 30 132 30

Egs. (1) and (2).

Cs

R= ;Cpx100%
Cr

Conductivity (uS/cm)

0 1

s UF
e LPRO

1 1 1

1)

0.1

1
0.2 0.3 04 0.5
Pressure drop (A P) (x10°Pa)

0.6

RO 20 20 20 20 20 22
R; (10" m™1) UF 05 075 09 10 0.98 0098
RO 15 15 15 15 15 15

UF: ultrafiltration; RO: reverse osmosis.
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Cu?* rejection rate (%)
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Fig. 3 Relationship between permeated water conductivity (a)@ufd rejection ratio (b) withAP after 48 h filter reaction at[298 K. Initial Gti

concentration: 100 miy, pH: 6.0. UF: ultrafiltration; LPRO: low pressure reverssrmsis.
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but not more than 15 mib. Considering the shorter alions from the membrane concentrate and the possibility
membrane filtering time and distance, the result of thdor copper recovery, the solutions were treated by electro-
removal éficiency results were quite good. In contrast, aswinning process where graphite was used as anode and
the feed C&" concentration increased, &uconcentration  stainless as cathode. To enhance the mass transfer of cop-
of retentive flux increased graduallyffEct of feed C&"  perions onto the cathode, special activated carbon pasticl
concentration on permeate, retentive fluxCaoncentra- were packed between the electrodes, which formed a 3D
tion and rejection ratio are summarized in Table 3, whergacket electro-winning cell.

the trans-membrane pressure was fixed at 0.6 MPa. There The comparison of the averageuemoval dficiency

was little diference between RO and UF retentive fluxand current fficiency for the electrolysis process under
Cuw?* concentration, but the Gt concentrations in RO  various current densities is shown in Fig. 5. The current
and UF permeate flux were quitei@irent. Figure 4 shows efficiencyn is defined in the Eq. (3).

SEM and elements analysis of low pressure membrane

§urface. The EDX analysis results of Fig. 4 are summarizeg _ Aactual % 100% ©)

in Table 4. Atheoretical

2.2 Effect of copper removal and recovery in 3D electro-

lrec where, Ascual is actual amount of Gt removal and
winning processes

AheoreticaliS theoretical amount of Gt removal.
The electrolysis process liberates metal ions from the AS seen from Fig. 5, about 60% Cuwas recovered at
solution metal complexes by electrodepositing metals ontd0 A/m- in the 3D packages bed cell in 60 min, while the

the cathode. In order to maximize the removal ratio of metOther electrolysis parameters were constant, and current
efficiency reached 62%. It is apparent from Fig. 6 that

Table 3 Eﬁ“ectoffegd C_Z&*concentration on permeated and retentive using plante electrode cell &u concentration can be
flux, rejection ratio (pH 6.0AP 0.6 MPa) reduced to 5 mf, but it can be less than 0.5 migusing

CW?* in feed (mgL) 10 25 50 75 100 3D cell. Increase of current density caused an increase in

power consumption. At lower current density, less power is

consumed, but to obtain a higher recovery rate requires a

CW* in permeated water (Mig) UF 5 10 22 26 30
RO 10 25 5 8 15

CW* in retentive flux (mgL) UE 25 53 95 141 150 Ionge_relectrolysis time. Therefore, in practice, low emtr
RO 37 61 96 140 150 density may not be used.
Cu?* rejection ratio (%) UF 45 55 60 65 70  \When the concentration of heavy metals in solution

RO % & 8 & & declined, currentféiciency in electro-winning decreased

too. In order to get a higher currenffieiency in heavy
metals recovery, it is necessary to determine the ap-

Table 4 Energy dispersive X-ray spectroscopy (EDX) analysis tesul

from Fig. 4 . . . L .
propriate electro-deposition time and the minimum final

Element (at.%) Blank 48h  concentration of heavy metals. During electro-deposition
CK 81.08 g9 37 Process, concentration of electrolyte solution decrease
oK 12.82 07.70 steadily, but the decline was more pronounced in first 30
SiK - 00.79  min, then decreased slowly. Therefore, 60 min electrolysis
SK 04.87 00.22 s suitable. It is apparent from Fig. 6 that the reaction rate
CaK - 00.17 .
FeK 00.78 0018 changes after the second-hour of the experimental run at 10
CuK - 00.84 A/m?. Figure 6 shows that the copper removiilcgencies

are all higher than 90% at pH 6.0, current density 1%

—: Elements were not detected in the sample by EDX. : ) - h .
and hydraulic residence time (HRT) 60 min. Increasing

HV |Spot| Mag | WD | Pressure ( —10.0 pm——— HV |Spot| Mag | WD | Pressure
10.0 kV| 3.0 |8000%|7.6 mm| 0.60 Torr[1:14 10.0 kV| 3.0 |1000%|7.5 mm| 0.60 Tor

Fig. 4 Scanning electron microscopy (SEM) and elements analysiove pressure RO membrane. (a) original LPRO
after 48 h filter reaction.

blank) memésréb)
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Fig. 5 Cu?* removal dficiency in electro-winning process using 3D electrode @liahd plante electrode cell (b). Condition: initial pH 6298 K,
initial Cu®* concentration 100 ng.

0.8 - The permeate water will contain very little, if any, of the
—a— 3D packed bed electrode
—4— Plante electrode

feed surfactant components in UF process and even less
residual surfactant in RO process, while the retentate will
contain most of the surfactant and the solutes. The sedectiv
rejection of metal ions having the same electrical charge
as the surfactant ion cannot be expected, since the main
binding force is due to an electrostatic attraction between
metal and surfactant.

Subsequently, the metal-free surfactants were able to

<
a

<
=~

Cu?**concentration (g/L)

02 retain more metal ions entering the reactor afterward.
\'\.\ Thus, the proposed hybrid system can be operated as a
0ok . . e contlnuous_ adsorption and regeneration (by eIe_ctronS|s)
0 50 100 150 200 250 process. Since Gt entering the reactor are retained by
Reaction time (min) membrane, the average residence time of*Cis not
Fig. 6 Copper ion removal fiiciency in diferent electrode cells (10 aﬁeCted_ by th_e HRT. Ideally, _by varying the HRT one
A/m?) with initial pH 6.0. can achieve higher concentration of Cuetained inside

the reactor. As shown in Table 5, it can be concluded
permeate flux enlarges the amount of fouling materialshat EDTA and SDS have little side influence on electro-
transported to the membrane surface, resulting in morgeduction process.
sever irreversible membrane fouling.

2 3 Effect of the addition of sodium dodecyl sulfate and 3 Conclusions

EDTA on Cu?* removal and recovery process ) )
With the use of 3D electrode cell electro-reduction

To improve the removal of metal ions in these processegechnology, the average copper removéicency can
the dfect of the addition of anionic surfactant sodium yeach from 70% to 95% with an average currefitency
dodecyl sulfate (SDS) and EDTA were studied. With SDSranging from 59% to 75%, respectively. Using plante
employed to retain metals inside the reactor, the removaljectrode cell C# concentration can be reduced to 5
efficiency of Cd* can reach 90%-99% for UF or RO mgL, with average currentfBciency ranging from 9% to
process. EDTA can also increases removétiency of 409, The C&" concentration can be less than 0.5/mg
Cuw* in UF process, however, had little influence on LPROwpile using 3D electrode cell. The addition of EDTA and
process. SDS had little side influence on electro-reduction process.

In the process, the appropriate surfactant was added andThe average G removal dficiency in LPRO process
its concentration was adjusted so that micelles formeds 850, On the other hand, the removéil@ency of C#*

Table 5 Effect of SDS and EDTA on Cii removal and recovery

AP (MPa) Copper recovery rate Rejection rate (%) J (L/(m?-h)) Permeated water conductivityg/cm)
in 3D cell (%) UF RO UF RO UF RO
Blank 0 0.6 87 68 85 17 14 60 20
EDTA (20 mgL) 0.6 76 75 82 18 12 120 100
EDTA (60 mgL) 0.6 72 76 83 20 12 200 100
SDS (60 mgL) 0.6 93 86 92 16 10 180 80
SDS (600 mgd.) 0.6 86 99 99.5 15 8 360 106

* |nitial Cu?* concentration 100 mb.
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by UF ranged from 50% to 70%. The addition of SDS Couillard D, 1994. The use of peat in wastewater treatnviater
can improve the Cif removal dficiency which can reach Research28(6): 1261-1274.
as high as 90%. The addition of EDTA had little sideJuang R S, Shiau R C, 2000. Metal removal from aqueous solu-

influence on the membrane filter performance especially ~ tions using chitosan-enhanced membrane filtrationrnal
in LPRO process. of Membrane Scienc@65: 159-167.

H<adirve|u K, Thamaraiselvi K, Namasivayam C, 2001. Adsorp-
tion of nickel(ll) from aqueous solution onto activated
carbon prepared from coirpitBeparation and Purification

Conductivity of permeate from LPRO can be less tha
100 uS/cm, with low heavy metals concentrations. Thus

heavy metals in wastewater can be treatffdatively by Technology 24(3): 497-505.

this hybrid process with recovery of heavy metals and akamitani T, Kaneko N, 2007. Species-specific heavy metal
the same time implementation of water reuse. accumulation patterns of earthworms on a floodplain in
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