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Abstract

The role of electromagnetic field (EMF) in enhancement of copper (Il) removal from
industrial wastewater effluent has been investigated. The rate of copper (II) removal from
industrial wastewater by cementation on rotating iron cylinder subjected to a magnetic field
was studied to demonstrate the effect of EMF on the rate of cementation. The results proved
the enhancement of copper removal by utilization of EMF; however the effect of decreasing
the thickness of boundary layer is more dominant than the effect of EMF. The rate of mass
transfer was correlated by the equation sh=2.3 Re®® Sc%** . Another correlation provides the
relation between mass transfer coefficient and the other operating variables namely: intensity
of EMF, initial copper concentration and rotation speed of iron cylinder
k=exp(1.4*10%*N+1.2*10%*C,+4.1*10™**H —0.5). This work illustrates that the enhancement
of copper recovery in presence of EMF is due to the induced motion of paramagnetic Fe™ in
the solution and is limited in the range of cylinder rotation speed of 300~900 rpm. It was
evident that power consumption due to utilization of magnetic field is less by 3% than that
without utilization of EMF.
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Introduction

Industrial use of metals and other domestic processes have introduced substantial amounts of
potentially toxic heavy metals into the atmosphere and into the aquatic and terrestrial
environments. Discharged toxic metals typically include Cd, Cu, Ni, Cr, Co, Zn and Pb [1].
Growing concern on the presence of such pollutants in the aquatic environment has stimulated
vigorous research activities in the development of specialized treatment technologies. This
awareness along with the Egyptian government application of effluent standards has already
forced many industries to implement appropriate treatment technologies. Initially, industries
adopted simple physio-chemical treatment systems, but rapid degradation of the environment
has forced governments to implement more stringent regulations for wastewater effluent and
these standards have led to more advanced biological and membrane technologies. As water
for industrial applications becomes less easily accessible, industry is looking for ways to
recycle and reuse treated water.

Several techniques have been proposed to treat industrial wastewater to remove these heavy
metals, such as precipitation, flotation, ion exchange, solvent extraction, adsorption, reverse
osmosis, cementation, membrane processing and electrolytic methods, etc [2-5]. Among
them, cementation is one of the oldest and simplest hydrometallurgical processes, which has
been used as a means of extracting metals from solution [6-10]. Cementation is a metal
replacement process by spontaneous redox reaction utilizing an electropositive sacrificing
solid metal for the recovery of the electro-negative dissolved metal species originally present
in wastewater. The advantage of cementation process includes its relatively simplicity, ease of
control and possible recovery of valuable metals. However the consumption of sacrificing
metal and the redox potential of the sacrificing metals are the main drawbacks of the process.

Cementation of copper is an electrochemical process in nature [6] which takes place through
the galvanic cell: Fe/solution/Cu by the overall reaction:

Cu®* + Fe — Cu + Fe?* (1)
Besides, in acidic solutions H, may evolve according to the reaction:
Fe + 2H" — Fe*" + H, (2)

It is known that reaction (1) is much faster than reaction (2). However, reaction (2) is
responsible for the consumption of excess iron. Stoichiometrically, 1 kg of copper is
precipitated by 0.88 kg of iron. In practice, 1.2 to 2.6 kg of iron is consumed when 1 kg of
copper is formed [11, 12]. Copper was selected as the noble metal for two reasons: treatment
and recycling of a toxic metal whose effects on the environment have been clearly proven and
whose raw material cost has been sharply increasing in recent years. Iron has been chosen
also as a sacrificial metal because of its relatively lower costs (approximately 10% of the cost
of copper [13]) and possible use or recovery of iron in hydrometallurgical processes

The application of electromagnetic field (EMF) for conducting fluids is a topic known as
“Magneto hydrodynamics” (MHD) [14]. The idea of MHD is that magnetic fields can induce
currents in a moving conductive fluid, which create forces on the fluid, and also change the
magnetic field itself. The effect of magnetic field (MF) on electrochemical reactions has been
the subject of many investigations [15]. The main interest in most of these investigations is
directed towards the regions where the rate-determining step of the reaction is diffusion (or at
least, region of mixed kinetics). . The application of the electromagnetic field was carried out
to study the crystal growth under high magnetic field [16]. Another study found that high
magnetic field has an effect on the anodic behavior of a ferromagnetic electrode [17], and on
electro-deposition of CoFe alloys [18]. Mass transfer was found to increase during stirring a
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suspension of magnetic particles by the use of an alternating magnetic field [19]. Effect of
MF on a cementation of copper was carried out by Gros et al [20]; they studied the recovery
of copper by cementation in fixed and fluidized beds under transverse EMF. They found that
the convective mass transfer coefficient was increased by a factor of 2.3 compared to
cementation on fluidized bed without EMF.

The ions diffusion rate in cementation process can be enhanced by either moving the solution
or moving the less noble metal [20, 21]; however, studying the effect of moving ions inside
the solution was not completely comprehended yet, especially in the presence of EMF. The
aim of the present work is to illustrate the effect of utilization of uniform parallel
electromagnetic field EMF on the elimination of copper from simulated industrial
wastewater..

2. Materials and methods

Figure 1a shows a schematic diagram for the reaction cell, it consists of 1dm?® glass cylinder
surrounded with copper coil. The iron cylinder (0.02 m diameter 0.13 m height) was
immersed inside the reaction cell and connected to a variable speed motor (50 - 1500 rpm).
Care was taken to avoid swirl motion of the cylinder. To simulate the industrial effluent, an
aqueous solution of copper sulfate was prepared. All reagents used in this study were
analytical grade and distilled water was used to prepare copper sulfate and sulfuric acid
solutions (CuSO4.5H,0, 99% purity and H,SO4 98% purity).

The experiments were carried out at ambient temperature (25°C) for at most 90 min. Before
each run, a 0.5 x 10 m® of fresh copper sulfate solution was used together with new iron
cylinder. Solution samples (1 cm®) were taken every 15 minutes during the experimental time
for analysis. The samples were analyzed for detection of copper and iron ions by atomic
absorption spectrophotometer (ELICO SL 176) at wave length of 324.7 and 248.3 nm for
copper and iron respectively. The initial pH of copper sulfate solution was 2.5 and at the end
of the cementation process was 3.9. The diffusivity of copper sulfate solution was obtained
from literature [22].

The application of EMF was carried out by passing DC current through copper wire (0.35 mm
diameter) as solenoid around the reaction cell (800 turns). Consequently EMF was generated
and its arbitrary direction was determined by right hand rule as shown in Fig.1(b). The
current intensity and voltage were measured to calculate the power consumption.

3. Results and discussion

Figure 2 shows the percentage copper removal against time for the stationary iron cylinder
either with EMF or without it. It was evident that application of EMF enhanced the
percentage copper removal from the solution by 50% compared to the experiment without
EMF. Meanwhile, the percentage copper removal did not reach maximum value, this could be
attributed to the existence of boundary layer that not only control the diffusion of both copper
and iron ions but also decrease the ability of generated hydrogen bubbles from reaction (2) to
detach from the surface of iron cylinder as shown in Fig 3.

Subsequently, the effect of parallel EMF was studied at different electromagnetic field
intensities (EMFI) from 0~2462 A.T/m (Ampere. Turn/ meter), and at cylinder rotation speed
of 900 rpm. The results illustrated in Fig. 4 proved that 57% additional removal of copper
compared with experiment without EMF was attainable; also it is evident that 50% decrease
in the cementation time is achieved by utilizing EMF.
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It is important to take into account the effect of rotation speed of iron cylinder in the presence
of EMF; such effect will show the competitive action of both the thickness of boundary layer
and the magnetic force. Fig. 5 shows the percentage copper removal against time at EMF of
2462 A.T/m and for different rotation speeds of iron cylinder.

The present study revealed that at lower stirring speeds, the cementation rate is slow due to
the existence of boundary layer resistance around the iron cylinder, which resists the diffusion
of copper ion from bulk of copper solution to iron cylinder. At high speed, the boundary layer
thickness decreases and consequently the resistance to diffusion decreases, accordingly, the
cementation rate was thus increased with increasing rotational speed. The results depicted in
Fig 5 also speculated that the effect of decreasing the thickness of boundary layer is more
dominant than the effect of EMF.

The effect of rotation speed on the rate of cementation can be used to determine mass transfer
coefficient [23] which in turn, could be used to exemplify the positive effect of application of
electromagnetic field. Many of the processes of metal removal from aqueous effluents that
use solid-liquid systems obey a first-order kinetic law. The removal of copper can be
evaluated by the following expression [24-26]:

A
e_ A @
dt \Y

Where C is the copper concentration (mol L™) in solution at time t (s), k is the mass-transfer
coefgficient, (cm s 1), A is exposed area (cm?) of iron cylinder and V is volume of solution
(cm?).

Assume that copper ion concentration is negligibly low at the iron/solution interface.

dc
—V —=KAC (4)
dt

Equation (4) can be integrated to

Vin @ = kAt (5)
C
Where C,: is the initial concentration of copper.
Fig. 6 shows the relation between In C,/C and time for various rotation speeds of iron
cylinder. It is evident, as confirmed by other researchers [21, 23, and 26], that the cementation

reaction is a first-order reaction.

The mass transfer coefficient k was presented in Table 1. It can be noticed that up to rotation
speed of 900 rpm, the application of EMF increases mass transfer coefficient by 126% since
the EMF exerts two different effects: Firstly the generated magnetic field induces motion of
paramagnetic ferrous ions inside the solution. Secondly, the magnetization of the iron cylinder
influences the rate of deposition of copper ions. Nevertheless, at high rotation speed (1500
rpm) the mass transfer coefficient decreases. This decrease may be attributed to: (i) Vortex
formation at high rpm that will reduce the active area of the rotating cylinder immersed in the
solution. (i) Vortex formation promotes the aeration as a result of increase in the interfacial
area between air and solution. Consequently at high rotation speed, the application of
magnetic field is impractical.
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Table 1: Mass transfer coefficient at different EMF and different rpm, (Cy=1000ppm,

and pH= 2.5).

Cylinder rotation speed EMFI kx10°

(rpm) (A.T/m) (cm/s)
0 3.7
615 5.50

300 1231 4.89
1846 5.50
2462 7.34
0 5.5
615 12.85

600 1231 7.95
1846 11.63
2462 14.69
0 9.18
615 10.40

900 1231 12.24
1846 14.07
2462 20.81
0 16.53
615 14.58

1500 1231 15.54
1846 13.41
2462 12.29

The mass transfer data with EMF were correlated by the following dimensionless equation:
Sh= 2.3 Re® % 5c>% (6)

Dk
where Sh is the Sherwood number ( Sh = —— , D is the diameter of cylinder (m) and Dag is
DaB
2

the diffusion coefficient (m%s)), Re is the Reynolds number (Re=* DN

, p is the density of

solution (kg/m®), N is the rotation speed of the iron cylinder (t/s), and p is the viscosity of the
solution(kg/ms)) , and Sc is the Schmidt number (. Although Equation (6) represents the
dimensionless relation between mass transfer coefficient and the rotation speed, it does not
account for the direct relation between the EMFI and the mass transfer coefficient, therefore
the experimental data were used to predict mass transfer coefficient as function of rotational
speed (N), parallel electromagnetic field intensity (H), and initial Cu concentration (Co). The
correlation was obtained using DATAFIT software for curve fitting (nonlinear regression).
For this case the initial copper concentration (Co) was in the range of 200 - 1000 ppm,
rotational speed range of 300 - 900 rpm and parallel EMFI range of 615 - 2461 A.T/m, the
correlation that best fit the data was:

k= exp(a*N+b*C,+d*H+f) (7
Where:
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a, b, d,and f are constants, k is mass transfer coefficient, m/s, H is parallel EMFI, A.T/m.
From the experimental data and by solving the equation the constants have been determined:
k= exp(1.44*10%*N+1.22*10*C,+4.05*10**H — 0.513) (8)

Figure 7 shows the relation between experimental and calculated values of mass transfer
coefficient. It can be noticed that the empirical values of mass transfer coefficient are in
agreement with the experimental values.

As has been already outlined, the main drawback of cementation process is the consumption
of sacrificing metal (iron) and the redox potential of the sacrificing metals. The results in this
study confirmed the reduction in the consumption of sacrificing metal by utilization of EMF.
Such finding is evident from examination of Fig. 8 which shows the concentration of iron as
function of time at different EMFI. It is noticeable that application of EMF decreases the
concentration of iron ions in the solution. The EMF enhanced movement of charged ions by
the Lorenz-force effect [18], as ferrous ions are paramagnetic, and these cause iron ions to
move with magnetic moment parallel to the imposed magnetic field. This movement
additionally decreases the boundary layer thickness, and increases the diffusion of copper ions
to the surface of iron cylinder and consequently enhances the mass transfer of copper from
bulk solution to the surface of iron cylinder [17].

In order to utilize magnetic field industrially, consideration of energy consumption of EMF is
significant. As a case study, the data collected at 900 rpm has been considered. It is
important to take into account that the energy consumption is calculated as summation of both
energy consumed for rotation and that consumed for generation of EMF. Table 2 shows the
energy consumption. It is evident that the energy consumption is slightly affected by
application of electromagnetic field as it was decreased by about 3 % for parallel EMF. Such
data indicate that with the same power consumption, copper recovery from wastewater can be
attained faster with application of EMF.

Table 2: Energy consumption at different EMFI (C;=1000ppm, N=900 rpm, pH= 2.5
and parallel direction).

Magnetic field intensity (A.T/m) Energy consumption (kW.h/kg)
0 18.02
615 19.36
1230 17.50
1846 18.01
2461 19.69
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4. Conclusion

This study confirms that the cementation process is diffusion controlled in presence of EMF.
The influence of diffusion may be due to both MHD effect and the field gradient force. The
mass transfer coefficient was doubled by application of EMF. The enhancement of copper
recovery in application of electromagnetic field is due to induced motion of Fe™ in the
solution. The data of mass transfer coefficient were correlated in dimensionless groups. The
Power consumption per unit copper removal was slightly reduced in case of EMF implying
that copper removal from wastewater can be attained faster with application of EMF.

5. References

[1] Babich, H., Devanas, M.A., Stotzky, G. The mediation of mutagenicity and
clastogenicity of heavy metals by physicochemical factors, Env. Res., 37 (1985) 253-286.

[2] Lopez-Delgado A, Perez C, Lopez FA, Sorption of heavy metals on blast furnace
sludge, Water Res, 32(1998) 989-96.

[3] Panizza Marco , Solisio Carlo b, Cerisola Giacomo, Electrochemical remediation of
copper (I) from an industrial effluent Part II: three-dimensional foam electrodes,
Resour. Conserv. Recycl.27 (1999) 299-307.

[4] Makhloufi L, Saidani B, Hammache H., Removal of lead from acidic aqueous solutions
by cementation on iron”, Water Res.; 34(2000)2517-24.

[5] Annamalai, V., Hiskey, J., Murr, L, The effects of kinetic variables on the structure of
copper deposits cemented on pure aluminum discs: A scanning electron microscopic
study, Hydrometallurgy, 3(1978) 163 180.

[6] A.K. Biswas,W.G. Davenport, “Extractive Metallurgy of Copper”, 4™ ed., Pergamon,
New York, 265-289, 1979.

[71 F.A. Lopez, M.I. Martin, C. Perez, A. Lopez-Delgado, F.J. Alguacil, Removal of
copper ions from aqueous solutions by a steel-making by-product, Water Res.,
37(2003)3883-3890 .

[8] Annamalai, V., Hiskey, J., Murr, L., Effects of the source of chloride ion and surface
corrosion patterns on the Kinetics of the copper-aluminum cementation system |,
Hydrometallurgy, 3 (1978) 249 263.

[9] Fisher, W., Fluidized cathode cementation of copper , Hydrometallurgy, 16 (1986) 55—
67.

[10] Karavasteva, M., The effect of certain surfactants on the cementation of copper by
suspended zinc particles, Hydrometallurgy, 43(1996) 379- 385.

[11] A. Dib, L. Makhloufi, Cementation treatment of copper in wastewater: mass transfer in
a fixed bed of iron spheres, Chem. Eng. Process., 43(2004) 1265-1273.

[12] Tadeusz Stefanowicz, Malgorzata Osifiska, Stefania Napieralska-Zagozda, Copper
recovery by the cementation method, Hydrometallurgy; 47(1997) 69-90 .

[13] F. Gros, S. Baup , M. Aurousseau, Copper cementation on zinc and iron mixtures: Part
1: Results on rotating disc electrode, Hydrometallurgy, 106(2011) 127-133 .

7112



http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBT-48BCH1P-4&_user=10&_coverDate=06%2F30%2F1978&_rdoc=4&_fmt=high&_orig=browse&_origin=browse&_zone=rslt_list_item&_srch=doc-info%28%23toc%235935%231978%23999969996%23416675%23FLP%23display%23Volume%29&_cdi=5935&_sort=d&_docanchor=&_ct=13&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=9063d90bb4e970dfd7d6dff68371c727&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBT-48BCH1P-4&_user=10&_coverDate=06%2F30%2F1978&_rdoc=4&_fmt=high&_orig=browse&_origin=browse&_zone=rslt_list_item&_srch=doc-info%28%23toc%235935%231978%23999969996%23416675%23FLP%23display%23Volume%29&_cdi=5935&_sort=d&_docanchor=&_ct=13&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=9063d90bb4e970dfd7d6dff68371c727&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBT-48BCH1P-4&_user=10&_coverDate=06%2F30%2F1978&_rdoc=4&_fmt=high&_orig=browse&_origin=browse&_zone=rslt_list_item&_srch=doc-info%28%23toc%235935%231978%23999969996%23416675%23FLP%23display%23Volume%29&_cdi=5935&_sort=d&_docanchor=&_ct=13&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=9063d90bb4e970dfd7d6dff68371c727&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBT-4894SB3-47&_user=10&_coverDate=04%2F30%2F1986&_rdoc=5&_fmt=high&_orig=browse&_origin=browse&_zone=rslt_list_item&_srch=doc-info%28%23toc%235935%231986%23999839998%23414492%23FLP%23display%23Volume%29&_cdi=5935&_sort=d&_docanchor=&_ct=13&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=1c342a9defb7a03496e91cb2fcbbf2ae&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBT-3SVJ8N1-11&_user=10&_coverDate=11%2F30%2F1996&_rdoc=31&_fmt=high&_orig=browse&_origin=browse&_zone=rslt_list_item&_srch=doc-info%28%23toc%235935%231996%23999569998%2311624%23FLP%23display%23Volume%29&_cdi=5935&_sort=d&_docanchor=&_ct=34&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=2ee6bdd826e1da9557912bc77c83e69f&searchtype=a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBT-3SVJ8N1-11&_user=10&_coverDate=11%2F30%2F1996&_rdoc=31&_fmt=high&_orig=browse&_origin=browse&_zone=rslt_list_item&_srch=doc-info%28%23toc%235935%231996%23999569998%2311624%23FLP%23display%23Volume%29&_cdi=5935&_sort=d&_docanchor=&_ct=34&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=2ee6bdd826e1da9557912bc77c83e69f&searchtype=a

Proceeding of the 6% ICEE Conference 29-31 May 2012 CEEA-2 8/12

[14] R. Aogaki, K. Fueki, Application of a Magnetohydrodynamic Generator-Detector
Electrode to Hydrodynamic Voltammetry, J. Electrochem. Soc., 131(1984) 1295-1300.

[15] V. C. Noninski, Magnetic field effect on copper electro-deposition in the Tafel potential
region, Elecrrochimica Acta, 42(1997)251-254.

[16] H. Mizuseki, K. Tanaka, K. Ohno and Y. Kawazoe, A new model for crystal growth
under high magnetic field- effect of environment in diffusion limited aggregation, Sci.
Rep. RITU (1997) 55-59.

[17] R. Sueptitz, J. Koza, M. Uhlemann, A. Gebert, L. Schultz, Magnetic field effect on the
anodic behavior of a ferromagnetic electrode in acidic solutions, Electrochim. Acta,
54(2009) 2229-2233.

[18] Jakub Adam Koza, Margitta Uhlemann, Annett Gebert, Ludwig Schultz, The effect of
magnetic fields on the electro-deposition of CoFe alloys, Electrochim. Acta 53(2008)
5344-5353.

[19] Reichert C., Hoell W.H., Franzreb M., Mass transfer enhancement in stirred suspensions
of magnetic particles by the use of alternating magnetic fields, Powder Technol.,
145(2004) 131-138.

[20] F. Gros, S. Baup, M. Aurousseau, Intensified recovery of copper in solution: Cementation
onto iron in fixed or fluidized bed under electromagnetic field, Chem. Eng. Process.,
47(2008) 295-302.

[21] Mervette El-Batouti, Removal of Copper by Cementation using Rotating iron cylinder, J.
Colloid Interface Sci., 283(2005) 123-129.

[22]V. M. Lobo and J. L. Quaresma, "Electrolyte Solutions: Literature Data on
Thermodynamics and Transport Properties”, VVol. 2, Coimbra, Portugal 1981.

[23] Dimitrova SV. "Metal sorption on blast furnace slag", Water Res.,30(1996) 228-232.

[24] G. Power, .M. Richie, A contribution to the theory of cementation (metal displacement)
reactions”, Aust. J. Chem. 29 (1976) 699-7009.

[25] Mamdouh M. Nassar, Olfat A. Fadali and G. H. Sedahmed, Effect of Drag Reducing
Polymer on the Rate of Cementation of Copper from dilute Solutions on Rotating Zinc
Cylinder, Metalkund, (1989) 60-62.

[26] Annamalai, V., Murr, L., Influence of deposit morphology on the kinetics of copper
cementation on pure iron, Hydrometallurgy, 4(1979) 57— 82.

8/12



http://www.sciencedirect.com/science/journal/00134686
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235240%232009%23999459991%23919053%23FLA%23&_cdi=5240&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=93690330fcf256920372e5ebf9880487
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235240%232009%23999459991%23919053%23FLA%23&_cdi=5240&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=93690330fcf256920372e5ebf9880487
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235240%232009%23999459991%23919053%23FLA%23&_cdi=5240&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=93690330fcf256920372e5ebf9880487
http://www.sciencedirect.com/science/journal/00325910
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235277%232004%23998549997%23519387%23FLA%23&_cdi=5277&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=f5d1b56f4f1d9e01c9dcdbf83825b4d5
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235277%232004%23998549997%23519387%23FLA%23&_cdi=5277&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=f5d1b56f4f1d9e01c9dcdbf83825b4d5
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235277%232004%23998549997%23519387%23FLA%23&_cdi=5277&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=f5d1b56f4f1d9e01c9dcdbf83825b4d5
http://www.publish.csiro.au/paper/CH9760699.htm
http://www.publish.csiro.au/paper/CH9760699.htm
http://www.publish.csiro.au/paper/CH9760699.htm
http://www.sciencedirect.com/science/article/pii/0304386X79900069?_alid=1793381568&_rdoc=1&_fmt=high&_origin=search&_docanchor=&_ct=1&_zone=rslt_list_item&md5=2fddbfb8bca2b29d8ecf269233f884bf
http://www.sciencedirect.com/science/article/pii/0304386X79900069?_alid=1793381568&_rdoc=1&_fmt=high&_origin=search&_docanchor=&_ct=1&_zone=rslt_list_item&md5=2fddbfb8bca2b29d8ecf269233f884bf
http://www.sciencedirect.com/science/article/pii/0304386X79900069?_alid=1793381568&_rdoc=1&_fmt=high&_origin=search&_docanchor=&_ct=1&_zone=rslt_list_item&md5=2fddbfb8bca2b29d8ecf269233f884bf

Proceeding of the 62 ICEE Conference 29-31 May 2012 CEEA-2 9/12

: Arbitrary direction ' Cementation cell containing
Variable speed a of magnetic field 0  rotating rod and aqueous
motor & CuSO, solution
G, i
: PN A
Cementation cell I | e, VS
BT R ) A 1
& RN~~~ - —
A e R —
A e ——] .
LI 1ok : S
+ - I 3oLt e
DC Power e E I
Supply Cementation rod e " Copper coil (number
: of turns =800)

(a) (b)

Fig 1: (a) Setup of cementation cell (b) magnetic field to cylinder configuration

[
(=]
(=]

= =Without EMF
——-With EMF (2461 A.T/m)

(v
(=]
T

% Copper Removal
5 [=)]
o o

]
(=]

0 | | | | | |
0 15 30 45 60 75 90 105

Time (min)

Fig. 2: Percentage Cu removal vs. time with and without EMF. (rpm =0, and pH= 2.5).
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Fig. 3: Iron cylinder immersed in copper sulfate solution, left: stationary iron cylinder
with hydrogen bubbles attached to the surface, right: rotating iron cylinder.
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Fig.4: Percentage Cu removal vs time with different EMF. (rpm =900, and pH= 2.5).
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Fig.5: Percentage Cu removal vs time with different rpm
(EMFI =2461 A T/m, and pH= 2.5).
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Fig. 6: In(Co/C) vs. time at different rotational speeds at
(pH = 2.5, C, =1000 ppm, and EMFI=2462 A T/m)
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Fig. 7: Forty five degree line between the experimental and calculated mass transfer
coefficients
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Fig.8: Concentration of Fe ion vs time at different EMFI
(rpm =900, Cy =1000 ppm, and pH=2.5).
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