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This study addresses the impact of operating hydrodynamic and structural parameters affecting the 

distribution of metal deposition current within flow-through porous reactors , i.e., the electrolyte 

resistivity (eff) and flow rate (v) as well as the electrode thickness (L) of the porous bed. Measurements 

are performed on the distribution of the lead deposition reaction within packed bed electrodes composed 

of stacked screens, with simultaneous hydrogen evolution (as a parasitic side reaction). The uniformity 

of the current distribution is found to increase with the decrease of the electrolyte resistivity and/or 

increase of electrolyte flow rate, while increase of the electrode thickness results in a less uniform current 

distribution. The results are explained in the light of the existing electrochemical theory, in which a 

dimensionless ohmic index,  (= icell eff L/b  where icell is the cell current and b = RT/F) is developed. 

Larger values of  produce less uniform current distributions with less than 10% of the entire thickness 

of the porous bed is in effective use. Whereas, higher electrolyte flow rates sweeps away the generated 

gas bubbles, thus, causes a marked decrease of eff by decreasing the fraction of the trapped hydrogen 

gas bubbles within the electrode and hence lead to more uniform current distributions. 
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1. INTRODUCTION 

Catalysis and electrocatalysis by 3D porous materials has been increasingly motivated in view 

of their several operational and structural virtues [1-10]. This includes the synthesis of metastable 

intermetallic electrocatalysts [11,12] for application in oxygen reduction reaction [12]. Also the 
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electrodeposition of highly porous Zn [13] and Zn-rich porous Zn-Cu based alloys [14] have been 

introduced as active materials for boosted CO2 electroreduction [13] and as alternative anode materials 

for Li-ion batteries [14]. Of these, porous flow-through electrodes are promising category of 3D catalysts 

due to: (i) their high effective surface areas enclosed in fairly small volumes which enhances the cell 

house productivity, (ii) they allow for continuous rather than batch operations by forced convection of 

the electrolyte, and (iii) separating the reacted from the unreacted species while operating at 100% 

efficiency per pass. This system has been suggested for several applications including energy conversion, 

water electrolysis and wastewater treatment [14-20]. In this regard, several geometries of 3D catalysts 

are suggested as potential porous electrodes, including stacked screens, packed beds of fine particulates, 

porous metallic structures, metal foams, carbon felts as well as porous carbon (e.g., RVC), and active 

carbon [4,5, 18, 21-24]. The proper selection of the material and geometry of porous reactors are crucial 

parameters in determining its overall performance and efficacy for a target application [25,26].  

Porous flow-through electrodes (PFTE) offer several operational advantages compared to planar 

electrodes or porous electrodes operating on stationary electrolytes [27-32]. However, under virtually 

all the experimental conditions, the reaction is non-uniformly distributed within the PFTE. Extensive 

modeling work was done on this system to predict the effect of various controlling parameters on the 

current distribution within the electrode [33-37]. Much work was done on this system using redox 

reactions where experimental measurements of current distributions [38-42] are difficult to achieve. On 

the other hand, some studies were performed on metal deposition reactions, e.g., Cu and Zn [37, 43-45] 

using electrodes which can be sectioned where the current distribution can be readily determined from 

weight changes.  

The objective of this paper is to investigate the effects of structural and hydrodynamic operating 

parameters (i.e., electrode thickness, electrolyte resistivity and flow rate) on the current distributions of 

lead ions deposition from flowing alkaline electrolyte with simultaneous hydrogen gas evolution within 

PFTE. This is done with an aim to maximize the cell house productivity and maximize the removal 

efficiency of the polluting heavy metal ions (Pb2+) from the flowing streams. 

 

 

 

2. EXPERIMENTAL 

The porous electrodes are in the form of packed beds made up of several (pre-weighed) stacked 

screens (mesh size = 60 ppi, specific surface area = 74 cm-1). Fig. 1 shows SEM image of a single screen. 

A number of screens are stacked in the electrode chamber and pressed tightly together to achieve the 

desired electrode thickness and to ensure excellent electrical contact between the bottom and the top 

most screens together with the current collector. Spiral Pt wire and Hg/HgO/KOH(1M) (having an 

equilibrium potential of 98 mV vs. NHE) are used as the counter and the reference electrodes, 

respectively.  Fig. 2 shows a schematic diagram of the electrode chamber, the direction of electrolyte 

flow and the position of the reference and counter electrodes. The electrochemical measurements are 

carried out using alkaline electrolytes (1.0 and 3.0 M NaOH) containing 0.01 M lead ions. The electrolyte 

is forced from the bottom (entry) face of the porous electrode using a variable speed peristaltic pump 

(Manostat, USA). EG&G potentiostat (Model 273A) operated with chem253 software is used to perform 
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the electrochemical measurements. The current distribution of lead ions deposition is performed at a 

constant cell current density (icell) which is just at the rising part of the experimentally measured limiting 

current density. Fig. 3 shows a representative example of i-E relations for lead ions deposition from 

aqueous alkaline NaOH electrolytes. Obviously, the limiting current of lead ions deposition depends on 

the supporting electrolyte concentration.  

 

 

 

Figure 1. SEM image of a single Cu screen (mesh size = 60 ppi) 

 

 
 

Figure 2. Schematic illustration of the experimental setup of electrolytic cell and the porous electrode 

chamber. 
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Figure 3. Polarization (i-E) correlation for lead ions deposition onto packed bed porous electrode 

(composed of 6 stacked screens, mesh size = 60 ppi, thickness = 0.33 cm) from alkaline NaOH 

solutions containing 40 ppm lead ions flowing at a rate of 1.15 cm s-1. 

 

The diffusion limit of the lead ions deposition reaction is the part at which the limiting current is attained 

starting from a potential of -0.9 V (vs. Hg/HgO), beyond this potential any increase in cathodic 

polarization does not increase the measured current until the hydrogen evolution starts to contribute 

significantly, demonstrated by the inflection point in current observed at around -1.4 V (vs. Hg/HgO).  

The effect of pH on the cation complex is a very important point. In such high pH (ca. 14), lead ions 

exists as plumbite ions PbO2
2- , rather than Pb2+ ions (according to Pourbaix diagram). Thus the cathodic 

reduction (i.e., the electro-deposition) of lead takes place according to the following equation: 

 

PbO2
2- + 2e- + 2H2O  Pb + 4OH-    E1 = -0.727 V (Hg/HgO) (1) 

 

Whereas the hydrogen evolution reaction (HER) takes place (as a competing reaction) in alkaline 

medium according to: 
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2H2O + 2e-  H2 + 2OH-     E2 = -0.926 V (Hg/HgO)       (2) 

 

where E1 and E2 are the equilibrium potentials for the lead deposition and hydrogen evolution reactions, 

respectively under the present experimental conditions. The HER current is measured using a blank 

electrolyte of NaOH in the absence of lead ions. The contribution of the hydrogen evolution reaction 

currents amounts to ca. 17% of the total measured limiting current density. After each experiment, the 

packed bed electrode was washed with copious amounts of distilled water, then the screens are dried and 

weighed. The current distribution of lead ions deposition is determined within the matrix of the porous 

electrode by weighing each screen of the packed bed before and after the galvanostatic deposition 

experiment. This procedure is carried out under various operating conditions of electrolyte flow rate, 

and resistivity as well as various thicknesses of the packed bed porous electrode with an aim to optimize 

the current distribution for better utilization of the cell house. 

 

 

3. RESULTS AND DISCUSSION 

3.1. Effect of electrolyte resistivity 

The effect of electrolyte resistivity on the distribution of the lead ions deposition reaction is 

studied, i.e., using 1.0 and 3.0 M NaOH solutions containing 10 mM lead ions flowing at a rate (v) of 

0.8 cm s-1. Each electrode is composed of 10-stacked screens, having a total thickness of 0.56 cm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of electrolyte resistivity on the lead current distribution. The electrode was 0.56 cm 

thick (10 screens of 60 mesh), v = 0.8 cm s-1, T = 30oC. All electrolytes contained 10 mM lead 

ions, icell = 200 mA cm-2, t = 20 min. 
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The cell current density was 200 mA cm-2. Fig. 4 shows the effect of electrolyte resistivity on the 

distribution of the lead current after 20 minutes of continuous electrolysis. Note that w(x) refers to the 

weight gain of each relevant screen composing the packed bed porous electrode, where x refers to the 

screen number in the stack. And w(total) refers to the total weigh of the electrodeposited lead within the 

porous electrode (i.e., the summation of all w(x). Thus, w(x)/w(total) is the fraction of the total weight 

of lead at a particular screen in the stack and its is a unit less ratio. The electrodeposition of lead is carried 

out at a constant current density, thus, the total amount of the electrodeposited lead is assumed constant, 

albeit with various distribution according to the prevailing experimental conditions. (See Figs. 4 and 5). 

Fig. 4 reveals the following points: 

(i) The distribution of lead ions deposition current from the 1 M NaOH electrolyte (with a 

specific resistivity o = 7.7 ohm cm) is less uniform than that resulting from the 3 M NaOH electrolyte 

(o = 2.6 ohm cm).  

(ii) Furthermore, the topmost screen supports a larger fraction of the total deposition current 

in the case of 1 M NaOH than the corresponding screen in the case of 3 M NaOH.  It follows that 

plugging of the topmost screen in the case of the 1 M NaOH (which has a higher resistivity) occurs faster 

than in the case of the 3 M NaOH (with lower ).  

(iii) The remaining underlying screens (below the topmost one) support a higher fraction of 

the total deposited lead in the case of the 3 M NaOH than in the case of the 1 M NaOH, i.e., the uniformity 

of the reaction is markedly enhanced in 3 M NaOH solution.  

This behavior could be reasonably rationalized in view a dimensionless ohmic index group (), 

given by [34]: 

 

 = iLeff L/ b                                                            (3-a) 

eff (=o [  ]1.5)      (3-b) 

 

where iL is the limiting current density, A cm-2, eff is the effective resistivity of the pore 

electrolyte, ohm cm, of the porous matrix with a porosity () and filled with a fraction of gas bubbles 

(), L is the electrode thickness, cm, and b = RT/F, V.  Eq. 3 is derived for the case of an electrochemical 

reaction proceeding with a 100% collection efficiency on an electrode with sufficiently small pore 

diameter to justify the assumption of one dimensional transport in the axial direction [30]. Similar 

equations are derived by various authors [33,36-38] using the exchange current density (io) instead of iL. 

Thus, a similar index, , is developed for the ohmic potential drop within the porous electrode in terms 

of cell current density (icell), i.e. 

 

 = icell eff L/b       (4) 

 

Accordingly, a decrease of the magnitude of  enhances the uniformity of the current distribution, 

and vice versa. Values of  of ca. 34 and 11 are calculated for the 1.0 and 3.0 M NaOH electrolytes, 

respectively. These values might be much larger if one considers the iR drop caused by the 

simultaneously electro-generated hydrogen gas bubbles, which increases the void fraction () within the 

porous matrix filled with insulating gas bubbles. That is Clearly the system with a larger value of  (1.0 
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M NaOH) yields a less uniform current distribution than that of the 3.0 M NaOH (with a lower electrical 

resistivity). Note that the increase of the NaOH concentration causes also a favorable increase in its 

viscosity, albeit it lowers the diffusion coefficient of the lead ions. This might be attributed to the effect 

of electrolyte viscosity on the bubble size of the electro-generated hydrogen gas bubbles down to a 

favorable level facilitating its sweeping away with the electrolyte flow, thus decreasing the iR 

contribution within the porous matrix and enhances the current distribution concurrently.  

 

3.2. Effect of electrode thickness 

Figs. 5(a-c) shows the effect of the electrode thickness (i.e., number of stacked screens) on the 

distribution of the lead deposition reaction current from 1.0 M NaOH electrolyte containing 10 mM lead 

ions flowing at a rate (v) of 0.8 cm s-1. The electrode thickness varied from 0.33 cm (6 stacked screens 

of 60 mesh) up to 1.1 cm (20 screens of 60 mesh).  

 

 
Figure 5. Effect of electrode thickness on the lead current distribution. The electrolyte was 1 M NaOH 

containing 10 mM lead ions, v = 0.8 cm s-1, T = 30oC. icell = 200 mA cm-2, t = 20 min. 

 

The operating conditions have an essential role in determining the fraction of the entire porous 

packed bed contributing in the reaction.  Actually, the experimental conditions are set the same for the 
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three electrodes (i.e., flow rate, electrolyte concentration, current density, temperature, and deposition 

time), with the only difference is the electrode thickness. This figure shows obviously that the thicker 

the electrode, the less uniform current distribution is obtained, i.e., under the prevailing conditions only 

the top most screens are operable while the underlying ones are not contributing in the overall measured 

current. That is the fraction of the total lead deposition current supported by the topmost screen increases 

from ca. 35%, 72% and 75% for electrodes composed of 6 (L = 0.33 cm), 12 (L = 0.66 cm) and 20 

screens (L = 1.10 cm), respectively. Whereas, the underlying screens support remaining lesser fractions 

of the lead deposition current. The thinnest porous electrode (composed of 6 stacked screens, L = 0.33 

cm) shows a much more uniform current distribution over the remaining underlying 5 screens than those 

shown by the thicker electrodes over the remaining 11 or 19 screens, i.e., the thinner electrode shows 

more non-uniform distribution of lead deposition across its entire thickness. On the other hand, the 

electrode composed of 12 screens (L = 0.66 cm) shows a significant weight gain only at the top 4 screens 

(34% of the entire thickness), while the rest of the electrode ( 66%) is much underutilized. The non-

uniformity is signified for the thick electrode where only 25% of the entire thick is in operation (albeit 

ill-distributed current) and the rest of the electrode (75% of its thickness) is much underutilized under 

the same operating conditions. This could be reasonably explained in view of the variation of the ohmic 

index,  (Eq. 4), with the electrode thickness, for the conditions under which the above distributions are 

measured. Using a value of current of  icell =  200 mA cm-2, a resistivity of 7.7 ohm cm for the 1.0 M 

NaOH electrolyte and values of thicknesses of 0.33, 0.66 and 1.10 cm (6, 12 and 20 screens of 60 mesh), 

values of   of ca. 20, 40 and 66 are calculated for the current distributions shown in Fig. 5(a-c), which 

is in line with the increasing non-uniformity of the lead deposition current.  

 

3.3. Effect of electrolyte flow rate 

Fig. 6 shows the effect of the electrolyte flow rate (v) on the distribution of the lead deposition 

reaction current within the matrix of a porous electrode made up of 10 stacked screens of 60 mesh (L = 

0.56 cm) from 3.0 M NaOH containing 10 mM lead ions flowing at 0.2 and 0.8 cm s-1. This figure shows 

that the increase of the electrolyte flow rate (v) is associated with a considerable improvement of the 

uniformity of the lead deposition reaction, i.e., a larger fraction of the electrode thickness is being utilized 

to support the reaction at relatively higher flow rate. It worthy to mention here that two competing 

cathodic reactions account for the total measured current, itotal, supported by the lead-containing 

electrolyte, i.e., lead ions deposition and HER (see Eqs. 1 and 2 above). The coulombic efficiency of the 

lead deposition reaction is estimated by comparing the experimentally obtained total weight of the 

elecetrodeposited lead ions with the predicted value applying Faraday’s law. A current efficiency for 

lead deposition amounts to ca. 83%, while the remaining 17% are consumed in the HER, thus, 

indispensable amount of hydrogen gas bubbles are generated concurrently with lead ions deposition. 

Consequently, the observed behavior (in Fig. 6) could be reasonably attributed to the mechanical 

sweeping of the hydrogen gas bubbles (locally generated within the porous matrix) by the forced 

convection of the electrolyte flow, which sweeps the simultaneously generated gas bubbles. This leads 

to a decrease of gas void fraction (), and consequently the pore electrolyte resistivity and the ohmic 
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potential drop within the electrode [6,36, 46, 47]. The effect of gas bubbles was expressed in terms of a 

bubble group, , given by [6,36, 46, 47]: 

 

 = 2PFv/icell RT                                                               (5) 

 

This dimensionless group, , measures the ratio of the electrolyte flow rate, v,  to the rate of generation 

of hydrogen gas bubbles at a cell current density, icell. Small values of  indicate more predominant 

bubble effects and hence larger ohmic potential drop, , and less uniform current distributions [32]. This 

is obtained under conditions of high cell currents and/or low electrolyte flow rates. Thus, the increase of 

electrolyte flow rate would enhance the uniformity of the lead current distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Effect of electrolyte flow rate on the lead current distribution. The electrode was 0.56 cm thick 

(10 screens of 60 mesh), T = 30oC. The electrolyte is 3 M NaOH containing 10 mM lead, icell = 

200 mA cm-2, t = 20 min. 

 

4. CONCLUSIONS 

In this study, the effects of electrolyte resistivity and flow rate and the electrode thickness on the 

current distribution of the lead deposition reaction within PFTE are addressed. The current distribution 

is generally non-uniform. The uniformity of the current distribution increases (i.e., increased utilization 

of the porous electrode cell house) with the decrease of electrolyte resistivity and/or increase of flow 

rate. On the other hand, the increase of the electrode thickness resulted in a more non-uniform 

distribution of the current. This behavior is explained on the basis of the ohmic potential drop index () 

within the pore electrolyte and the effect of the simultaneously electro-generated hydrogen gas bubbles 

within the porous matrix. Increases of the electrode thickness and/or electrolyte resistivity (with a 
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decrease of electrolyte flow rate) leads to a corresponding increase of  and thus less uniform current 

distribution is expected and vice versa.  
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