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Abstract – Potentiostatic electrodeposition for silver recovery in the artisanal gold smelting of Bulacan, 

Philippines was investigated as an alternative cost-effective method to prevent the generation of copper nitrate-

rich effluent.  The electrodeposition of dominant metal ions (silver, copper, iron, and lead) were observed from 

time-course profiles of metal ion removal efficiencies and measured currents at varying constant operating 

voltages.  Initial silver ion removal rates increased with operating voltage supplied, however, redissolution also 

occurred during high-potential operation (1.5V to 2.0V).  The occurrence of co-deposition and redissolution was 

managed by determining critical electrodeposition conditions.  A critical operating voltage of 1.33 V favored 

high silver purity from recovered deposits at 89.5%, while critical electrodeposition time minimized the 

occurrence of metal redissolution under high-potential conditions.  At an optimum voltage of 1.66 V, the observed 

silver ion removal was 77.8% and the silver purity from recovered deposits was 86.5%.  Finally, the charge dose 

scale-up parameter was 0.528 C/mg silver ion removed and the corresponding energy requirement was 0.24 

kWh/kg silver ion removed.  Considering the increased silver purity from recovered deposits, and the lower 

charge dose and energy requirement, this study presents some advantages of potentiostatic electrodeposition in 

artisanal gold smelting. 

 

Keywords: electrodisposition, gold smelting, silver nitrate, scale-up, charge dose 

 

 

I. INTRODUCTION 

 

Gold recycling from used jewelry and scrap electronic circuit boards is one of the 

flourishing industries in the Bulacan province, Philippines, and has been considered as a 

potential source of heavy metal pollution of the Marilao-Meycauayan-Obando (MMO) river 

system.  Since 2008, the river system has been an environmental hotspot for water quality [1], 

[2] from local industrial heavy metal pollution [3], [4] that contaminate several of its 

aquaculture industries [5]-[7].  Gold smelting in the municipality employs silver 

amalgamation, unlike conventional gold extraction methods that use mercury or cyanide [5]–

[7].  In the process, used jewelry and scrap electronic circuit boards are first thermally melted 

with silver to separate metal impurities and form a gold-silver amalgam.  Concentrated nitric 

acid is then added to dissolve the amalgam to separate high-purity gold nuggets while 

generating a silver-nitrate-rich wastewater.  As a treatment method, local smelters recover 

silver from the wastewater by immersing copper bars to displace silver ions into silver metal.  

This reaction oxidizes copper into its ionic form and generates a copper-nitrate-rich effluent.  

Artisanal gold smelters lack the facilities to treat the toxic fumes and wastewaters generated 

from the process [8], and the unregulated discharge of effluents has become a common practice 
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that led to copper pollution [14], [15].   Copper pollution disrupts the ecological processes of 

the river system [9]–[11], degrades the livelihood of local fish farmers [12]–[14], and poses 

health risks from copper-contamination [15].  As a response, the local government has 

strengthened its pollution control policies in rehabilitating the MMO river system [16]–[18].  

Initially, point-source reduction measures via alkali precipitation and electrodeposition of the 

copper-rich effluent were found effective treatments for removing copper and other heavy 

metals from the gold smelting effluent [7].  However, despite the effectiveness of these 

methods, supplemental treatments for copper hydroxide sludge management, pH adjustments 

were still necessary for regulatory compliance.   

 

Silver recovery routes that avoid the generation of copper-rich effluents are seen as 

more attractive solutions.  However, conventional industrial methods such as chemical 

reduction [23, 24], solvent extraction [25, 26], and photocatalytic approaches [23] in 

semiconductor wastes and spent catalyst treatment, use chemical agents and generate 

secondary effluents that need further treatment.  Alfafara et al. [6] investigated the 

electrodeposition technique as a means to recover silver from the gold smelting effluent 

directly.  At applied constant currents, silver ions from the effluent reduce to metal deposits on 

stainless-steel cathode.  The process has high removal efficiency with an estimated operating 

cost of PhP 121/m3 (about $3/m3) of silver-rich effluent [6].  This cost was three times less 

expensive than that expected in electrochemically treating the copper-rich effluent at about 

$11.47/m3 of the wastewater treated [7].  Despite the advantages, the electrodeposition method 

still requires improvement as metal contaminants from the gold smelting effluent affect the 

quality of silver recovered from the process [6].  Operating voltages vary and influence a 

variety of electrochemical reactions during “galvanostatic” or constant-current 

electrodeposition.  These reactions include the deposition of metal contaminants in the gold 

smelting wastewater, thus, affecting the purity of the recovered metal deposits [6].  Metal 

impurities lower the current efficiency of the process that results to additional operating costs 

as these conditions employ excess operating voltages that increase the energy requirement of 

the process [7]. 

 

Constant-voltage or “potentiostatic” electrodeposition may improve the current 

efficiency of silver recovery at lower the electrodeposition costs.  Under a uniform applied 

potential, stable current densities tend to control the electrochemical reactions affecting the 

morphology, structure, crystallinity, conductivity, and purity of the deposits [24].  Apart from 

the operating voltage, other factors have also been explored in literature to control the yield of 

potentiostatic electrodeposition.  Studies show that the morphology of electrodeposited metals 

depends on the level of pH where highly acidic conditions tend to influence the dendritic nature 

and roughness of metal deposition [25], [26].  The thin-film deposition brought about by higher 

levels of pH may improve of current efficiencies and electrodeposition rates that could further 

enhance the yield of silver recovery [27].  Similarly, the influence of electrode material on 

charge transport has been one of the areas of study for surface-controlled industrial products 

such as semiconductors [28], [29].  The effect of temperature also correlates the kinetics of the 

electrochemical reactions that simultaneously occur during the process [30].  Overall, 

potentiostatic electrodeposition is common in industrial electronic applications on 

semiconductors [30 – 33], energy storages [34, 35], electrocatalysis [36, 37], nanomaterial 

synthesis [39], and photovoltaic cells [39 – 42]  to control the quality of product and process 
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performance.  However, the application of the potentiostatic technique on metal recovery in a 

wastewater treatment setting has so far been limited.  The differences in the properties of 

industrial streams tend to be extensive that specific operational differences would make direct 

comparisons difficult.  Also, most studies found in the literature compare the performance of 

potentiostatic and galvanostatic electrodeposition. Few had taken consideration of optimizing 

the conditions in recovering valuable metals from effluents.  Thus, this study proposes a 

potentially less expensive silver recovery alternative for small-scale gold smelting operators in 

Bulacan, Philippines.  Electrodeposition time profiles for residual metal ion concentrations and 

measured currents at different constant operating voltages were analyzed and correlated with 

silver recovery and purity.  An optimum operating voltage was also determined from these 

correlations.  Finally, a charge dose scale-up parameter was determined to estimate the cost of 

potentiostatic electrodeposition in comparison with that of the galvanostatic mode. 

 

 

II. MATERIALS AND METHODS 

 

2.1 Preparation of Gold Smelting Wastewater 

The silver-nitrate-rich effluent was obtained from a local gold smelting plant in 

Meycauayan, Bulacan, Philippines (stream D from the quenching process as shown in Figure 

1).  The sample was initially analyzed for metal concentrations of silver, copper, lead, and iron 

using a PerkinElmer AAnalyst 400 Atomic Absorption Spectrophotometer (AAS) [44].  These 

four metals were considered as the dominant metals based on the elemental analysis done on 

cathode deposits using a Niton XL3t X-ray Fluorescence (XRF) analyzer. 

 

 

Figure 1.  Simplified block diagram of the traditional gold smelting process of Bulacan, 

Philippines based on used gold jewelries, showing relevant process streams, with stream D as 

the wastewater used in the experiments. 
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2.2 Experimental Set-up 

A batch electrolysis set-up (Figure 2), was used for the electrodeposition experiments.  

A working volume of 400 mL was considered for the set-up.  Electrodes measuring 5 cm x 15 

cm each were placed in the reactor (500-mL tall beaker), with a 4-cm spacing provision.  The 

stainless-steel cathode was chosen for its local availability and low cost that would decrease 

the capital cost of the electrodeposition set-up when scaled-up.  The sintered platinum anode 

was a reusable inert electrode that was seen to have high compatibility for electrodeposition 

studies conducted in gold smelting wastewaters [6], [7].  The low cost and reusability of these 

electrodes make them an economically attractive choice, especially for artisanal gold smelting 

operations such as that found in Bulacan, Philippines.  The electrode package was held together 

using Teflon® tape and rubber spacers.  Different values of constant operating voltage was 

supplied from a direct current power source (WSPS-817 DC Power Supply, Wheeler).  The 

electrodes are immersed such that each would have an electrode surface area of 75 cm2 

available for electrochemical reactions.  A magnetic stirrer mixed the wastewater.  The 

negative terminal (black outlet) of the power source was connected to the cathode, while the 

anode was fixed to the positive terminal (red outlet).  For a constant amount of voltage supply, 

the changes in voltage and current were monitored using digital multi-meters wired to the set-

up.  All runs were conducted in duplicate.  Lastly, for comparison, a constant-current 

electrodeposition experiment at 9 A was also performed and evaluated in terms of purity of 

silver, copper, iron, and lead in the recovered metal deposits. 

 

  
Figure 2.  Schematic diagram of electrodeposition set-up 

 

 

2.3 Evaluation of Electrodeposition Performance 

Initially, electrodeposition time-profile experiments were conducted for 180 min at 

varying values of constant operating voltages between 1 V to 2 V, according to the operational 

limitations of the DC power source.  Despite the limitation, currents up to 10 A were measured 

from the operating voltages.  These currents ensure that electrochemical reactions for silver 

and other metals would proceed based on previous constant-current electrodeposition studies 

where a maximum applied current of 9A was employed [6].  These currents were directly 
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measured from digital multi-meters at 20-minute intervals, and 5-mL of electrolyzed samples 

were obtained.  Current densities were also calculated by dividing the measured current by the 

initial surface area of the stainless-steel cathode.  The samples were then analyzed for residual 

silver, copper, lead, and iron ion concentrations.  The residual metal ion concentrations were 

used to determine metal ion removal efficiencies using Equation 1: 

 

% removal efficiency = 
(Co - C)

Co

×100 
(1) 

 

At the end of each run, the cathode deposits, i.e., all recovered silver-rich metal deposits 

attached and dislodged from the stainless-steel cathode, were obtained, oven-dried at 90°C for 

three hours, and then weighed to obtain the masses of the metal deposits.  The overall mass of 

the deposits was considered in all mass calculations.  At this point, silver purity was not 

determined yet. 

 

As will be discussed in Section 3.4, a critical electrodeposition time (tcritical) was 

correlated with operating voltage from time-course profiles.  Electrodeposition experiments 

were conducted at different values of constant operating voltages between 1.5 and 2.0 V and 

at correlated values of tcritical to determine the effect of high potential operation on metal ion 

removal efficiency, purity of cathode deposits, and metal recovery efficiency.  The cathode 

deposits were collected, dried, weighed, then dissolved in nitric acid.  The dissolved deposits 

were then diluted accordingly for silver, copper, lead, and iron analyses via AAS.  These 

concentrations were used to calculate the purity of the cathode deposits with respect to each 

metal species analyzed, using Equation 2: 

 

% purity = 
(Cd)(Vs)

Wd

×100 
(2) 

 

The purity of the deposits was used to determine the corresponding silver recovery 

efficiency relative to the initial mass of silver in the effluent, and from the product of initial 

metal concentration and an initial working volume (Equation 3): 

 

% recovery = 
Wd

(Co)(Vm)
×% purity 

(3) 

 

The effects of operating voltage on metal removal efficiencies, mass and purity of 

deposits, and silver recovery efficiency were analyzed and correlated with the aid of statistical 

software Design Expert v11 (SN: 4156-3030-4752-8487).  Model equations were generated to 

correlate the effects of operating voltage on process responses such as metal removal 

efficiencies, silver recovery efficiency, and the mass and purity of recovered deposits.  These 

model equations were used to determine the optimum operating voltage that can be further 

scaled-up. 

 

2.4 Determination of Charge Dose and Energy Requirement 
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A scale-up parameter was determined based on the amount of electrical charge that is 

needed to electrochemically remove a unit mass of the silver from the gold smelting effluent, 

also known as the charge dose parameter.  This was empirically determined using Equation 4: 

 

It = Q(C0-C) V (4) 

 

From Equation 4, the charge dose was estimated from the linear plot between the 

electrical charge [It] versus the mass of the electrochemically removed metal species [(Co-C) 

Vm].  As a scale-up parameter, the charge dose may also be used to determine the 

corresponding energy requirement (kWh/mg silver) for the electrodeposition process at 

constant voltage.  This energy requirement was calculated using Equation 5. 

 

Energy Requirement (
kWh

mg silver
)  = 

1

3.6×10
6

QE 
(5) 

 

The estimated energy cost for the electrochemical recovery operation was calculated 

by multiplying the energy requirement by the prevailing local electricity cost.  

 

 

III. RESULTS AND DISCUSSION 

 

3.1 Characteristics of the Gold Smelting Wastewater 

The gold refining process in Bulacan, Philippines is based on a hydrometallurgical 

process that is most suitable on high-gold alloys such as scrap gold jewelries [45].  Silver is 

melted with the scrap gold jewelries where silver forms an alloy or amalgam with gold.  The 

silver-gold amalgam is quenched with nitric acid to dissolve silver while gold forms insoluble 

residues, called nuggets.  Ideally, the silver-gold amalgamation step is a selective process.  

However, the generally uncontrolled operating conditions in artisanal gold extraction (process 

temperature, relative amounts of chemical reagents, reaction time, etc.) resulted in metallic 

impurities in the effluent. AAS results shown in Table 1, present silver as the dominant metal 

in the wastewater, along with copper, lead, and iron in relatively trace concentrations.  

 

3.2 Purity of Silver Deposits Under Galvanostatic Electrodeposition 

Silver and other metals also showed co-deposition under constant current 

electrodeposition at 9 A based on the analysis of recovered metal deposits (Table 1).  Under 

this condition, the recovered deposits have a silver purity of about 79.1%, while metal co-

deposits from copper, and traces of iron and lead totaled to about 3.64%.  Non-metal impurities 

of sulfur and potassium were also present in the deposits at 16.87%.  The presence of impurities 

under high-current operation indicates excessive voltages that may have influenced metal co-

deposition.  This results in lower current efficiencies relative to silver recovery that leads to 

higher energy costs [7].  Low-purity silver reused for extracting gold may also affect gold 

recovery efficiencies and quality.  For considerations of lower cost and better purity of 

deposits, the study further investigated potentiostatic electrodeposition as an alternative 

approach for silver recovery.   
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Table 1. Dominant metal species present in the gold smelting effluent, and composition of 

metal deposits recovered from galvanostatic electrodeposition. 

SPECIES 

COMPOSITION 

Effluent a 

(mg/L) 

Deposits b 

(%) 

Silver (Ag) 371,622 79.11 

Copper (Cu) 19,210 2.44 

Lead (Pb) 2,917 0.18 

Iron (Fe) 43 1.02 

Non-metal species 

(Sulfur and Potassium) 
 16.87 

a  AAS analysis of raw gold smelting effluent 

b  XRF analysis of metal deposits obtained under galvanostatic electrodeposition at 9 A. 

 

 

3.3 Potentiostatic Electrodeposition Time-Course Profiles 

Time profiles for metal ion removal efficiencies of silver, copper, lead, and iron, and 

the changes in the measured current during electrodeposition under various constant voltages 

are presented in Figure 3 and Figure 4, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



74 

 

Copyright 2020 | Philippine Engineering Journal  Phil. Eng’g J. 2020; 41(1): 67-86 

 

POTENTIOSTATIC ELECTRODEPOSITION 

 

Figure 3.   Electrodeposition time course profiles of percent metal ion removal for silver, 

copper, lead, and iron under various constant operating voltages 

 
 

Figure 4.   Electrodeposition time course profile of measured currents under various constant 

operating voltages 

 

Observations from the electrodeposition experiments are also presented in Figure 5.  

At the start of the process, sand-like silvery metal deposited onto the stainless-steel cathode 

while bubbling on the sintered platinum anode with a faint nitric oxide (NO) odor were 

observed.  These indicated the reduction of silver ions into silver metal at the cathode, and 

oxidation of water and possibly of nitric acid into gases at the anode.  The increase in percent 

removal of silver, copper, lead, and iron ions in the time profiles indicates their co-deposition 

at the cathode surface. 

 

a  b  c  d 
 

Figure 5.  Observations during experimental electrodeposition process at various operating 

voltages: (a) thin layer of sand-like silvery deposits on cathode with few bubbling at the 

anode and weak scent of nitrogen oxide throughout electrodeposition at 1.0 V to 1.33 V, and 

only during the start of electrodeposition at 1.5 V to 2.0 V; (b) uneven or dendritic silvery 

deposits on cathode with more bubbling at the anode and stronger scent of nitrogen oxide 

during electrodeposition at 1.5 V to 2.0 V; (c) formation of black particulates during 

electrodeposition at 1.5 V to 2.0 V; and (d) disappearance of cathode deposits at extended 

electrodeposition time. 
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Reduction potentials (Ecell), presented in Table 2, were also considered to identify the 

possible reactions in the stainless-steel cathode and sintered platinum anode during 

electrodeposition.  Chemical species that have more positive cell potentials tend to have a 

higher affinity for electrons to reduce to the metal state. In contrast, those that have more 

negative cell potentials tend to lose electrons and undergo oxidation [46].  Silver was the 

dominant metal ion removed during electrodeposition, as its high concentration in the effluent 

favored its affinity for electrons influencing its reduction into the metallic state (Ecell = 0.80 

V).  The reduction of copper ions followed next based on its standard reduction potential of 

0.34 V.  The relative values of the reduction potentials of lead (Ecell = -0.13 V), and iron (Ecell 

= -0.44 V) indicate that these metal ions are least likely to be electrodeposited.  A higher 

potential is required for them to be deposited on the stainless-steel cathode.  However, as the 

electrodeposition set-up was only a two-electrode system, reduction potentials were estimated 

from the Nernst equation using the concentrations of metal ions in the time course.  In contrast, 

a three-electrode system involving an additional reference electrode offers higher stability in 

accurately measuring potentials in electrochemical systems.  This set-up is recommended for 

further detailed parametric studies. 

 

Table 1. Electrochemical Reactions from the Gold Smelting Effluent. 

OBSERVATION POSSIBLE REACTIONS Ecell (V) 

Bubbling at the surface 

of the electrodes 

Reduction:  2H+
(aq) + 2e- → H2(g) 

Oxidation:  4OH-
(aq) → O2(g) + 2H2O(l) + 4e- 

  0.00 

- 0.40 

Formation of sand-like 

and dendritic deposits 

onto the cathode 

Reduction:  Ag+
(aq) + e- → Ag(s) 

Reduction:  Cu2+
(aq) + 2e- → Cu(s) 

Reduction:  Pb2+
(aq) + 2e- → Pb(s) 

Reduction:  Fe2+
(aq) + 2e- → Fe(s) 

  0.80 

  0.34 

- 0.13 

- 0.44 

Formation of black 

suspended deposits 

Oxidation: Ag(s) + S2-
(aq) → Ag2S(s) - 0.69 

Re-dissolution of metal 

deposits, e.g. Ag 

3Ag(s) + 4HNO3(aq) → 3AgNO3(aq) + NO(g) + 2H2O(l) 

3Ag(s) + 2HNO3(aq) → AgNO3(aq) + NO2(g) + 2H2O(l) 

4H+
(aq) + NO3

- +3e- → NO(g) + 2H2O(l) 

 

 

  0.96 

 

 

The measured currents increased with operating voltages (Figure 4), and favored 

higher initial silver ion removal rates (Figure 6), following Ohm’s law.  The calculated average 

current densities based on initial cathode surface area also increased with operating voltages 

from 0.33 A/m2 at 1.0 V, to 9.80 A/m2 at 2.0 V.  For “low” operating voltages (< 1.33 V), the 

measured currents approached nearly constant values, indicating the constant combined 

resistances of the electrode and deposits.  Consequently, uniform, thin layers of sand-like 

deposits were observed on the surface of the stainless-steel cathode (Figure 5a) indicate that 

the depositing ions have sufficient time to conform in low-energy morphological 

configurations [24].  At “high” operating voltages (1.5 V to 2 V), dendritic or branched cathode 

deposits formed, some of which were detached as the sample was mixed (Figure 5b).  The 
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measured currents increased and reached peak values before gradually decreasing in order to 

conform a constant potential during electrodeposition.  This trend indicates the two stages 

commonly observed in potentiostatic electrodeposition [43].  The current initially increases 

during the nucleation or build-up of deposits and reaches a maximum current as the cathode 

surface is fully covered with deposits.  At this point, the high potential supplied and the increase 

in current, hence current densities,  influenced the dendritic deposition behavior since the time 

for the depositing ions to conform into low-energy configurations was not enough [24].  

However, the deposition behavior tend to increase the surface area of the electrode that result 

in the decrease of current densities.  The measured currents further decreased as a result of the 

increase in the combined resistances of the deposits and cathode. 

 

 
Figure 6. Calculated initial rate of silver ion removal, and measured mass of cathode 

deposits (after 180 minutes) from the electrodeposition of silver-rich gold smelting 

wastewater under various constant operating voltage conditions (1V to 2V).  

 

 

Suspended black particulates also appeared in the effluent as the current increased 

throughout the electrodeposition time (Figure 5c).  These black particulates were observed 

during galvanostatic electrodeposition at 9 A that were initially suspected as trace metal 

impurities of copper [6].  Oxides of the metals may have also formed during deposition that 

may affect the purity of the deposits that may be verified from compositional analysis, e.g. by 

X-ray Diffraction (XRD).  However, XRF analyses of the cathode deposits show that the black 

deposits may be metal sulfides.  Prahbune et al. [47] showed that thin films of silver sulfide 

can also be electrodeposited onto stainless-steel substrate via potentiostatic electrodeposition 

with silver nitrate and thiosulphate acting as precursor sources.  Omeiri et al. [48] also 

confirmed a similar electrochemical formation of silver sulfides according to the chemical 

reaction shown in Table 1. 

 

Metal ion removal efficiencies progressed from gradual single peaks at low operating 

voltages (1.0 V to 1.5 V), to sharp multiple periodic peaks at high operating voltages (1.66 V 

to 2.0 V) in the time-course profiles.  This trend indicates the simultaneous reduction and 
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dissolution of the metals during the process.  Also, measured currents unexpectedly decreased 

as deposits start to dissolve (Figure 5d).  The dissolution of cathode deposits was evident 

based on the decreased amounts of cathode deposits collected after 180 minutes for operating 

voltages between 1.5 V and 2.0 V (Figure 6).  Under low operating voltages, the silver ion 

removal efficiency was only about 30% after 180 minutes, indicating that the amount of current 

supplied led to low removal rates at the expense of long electrodeposition time.  According to 

Ozmetin [30], the dissolution of silver metal in nitric acid can be catalyzed in nitrous acid that 

can be formed in the electrochemical process.  Electrochemical reactions in nitric acid 

solutions with voltages above 0.96 V (versus standard hydrogen electrode) reduce the nitrate 

ions (NO3
-) into nitrous ions (NO2

-) at higher rates than cathodic deposition especially as the 

supply of current increased [49].  These reactions are autocatalyzed in concentrated nitric acid 

solutions and under excessive operating voltages, and the various mechanisms presented in 

literature show the complex nature of the reactions that must be further investigated [50].  

Electroanalytical methods employing cyclic voltammetry is recommended to verify the 

mechanism of these reactions in the gold smelting effluent [48].   

 

While the operating voltage primarily serves as the driving potential for 

electrochemical reactions, other factors tend to affect the electrodeposition behavior.  The 

influence of pH and electrode type on the morphology of deposits may address the dendritic 

nature and roughness of the silver deposits [27], [51].  The effect of temperature on the 

dissolution of silver during electrodeposition may also be investigated as this factor directly 

correlates the kinetics of the electrochemical reactions that simultaneously occur during the 

process [30].  Considering these factors may lead to improved current efficiencies and yield of 

silver recovery.  However, this study was limited on investigating the effects of operating 

voltage to minimize the added costs in the operation. Considerations for pH adjustment, 

electrode replacement, and temperature control in electrodeposition may influence the 

economics of the process for small-scale operators.  Nonetheless, their effects on the 

simultaneous electrodeposition of metals from the gold smelting wastewater may also be 

considered for future detailed parametric studies. 

 

The study provided an insight into the electrodeposition behavior of the gold smelting 

wastewater from a simplified electrochemical set-up, using time-course profiles. However, the 

reaction mechanisms of the process may be best understood using electroanalytical methods 

such as cyclic voltammetry [48].  These approaches are highly recommended in detailed 

parametric studies.  Despite the limitations, the observations, so far, present challenges in 

optimizing the potentiostatic electrodeposition technique, as increasing the operating voltage 

does not necessarily lead to high-purity of silver deposits due to the co-deposition of other 

metals.  Also, the redissolution of metal deposits at prolonged potentiostatic electrodeposition 

prevents the operation from achieving high silver ion removal efficiencies and complete silver 

recovery.  While operating at low potential seems to minimize the unwanted reactions, the 

slow rate of metal ion removal would only require longer electrodeposition time.  Because of 

the distinct limitations observed from low and high potential electrodeposition experiments, a 

suitable operating voltage that minimizes the redissolution reactions at minimum 

electrodeposition time was also experimentally determined. 

 

3.4 Critical Potentiostatic Electrodeposition Conditions 
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The concurrence of peak removal efficiencies and measured currents is a common 

observation in electrodeposition where the voltage supplied is in excess of the Nernst potential 

of the desired reaction, resulting in the changes of measured currents [32].  In this study, peak 

currents from time-course profiles were observed for each operating voltage to establish 

critical conditions to minimize metal dissolution during electrodeposition.  These include (a) 

the critical voltage that show the transition of observed results from low- and high-potential 

operations; and (b) the critical electrodeposition time (tcritical) that define the extent of 

electrodeposition runs where the redissolution of cathode deposits can be minimized under 

high potential conditions.  An equation analogous to that used in saturation kinetics [52] was 

used to correlate tcritical with operating voltage, as shown in Equation 6: 

 

tcritical = 
a (E) 

b  +  E
 

(6) 

 

The experimental values for tcritical and corresponding operating voltage were used to 

determine the empirical constants (a = 883.2 s (14.72 min), and b = -1.33 V).  The voltage 

constant (b) denotes that the equation may only be applicable for predicting tcritical for operating 

voltages above 1.33 V.  This also suggests a critical voltage condition that can serve as a basis 

for distinguishing low- and high-potential electrodeposition mechanisms (rates of removal, 

structure of deposits, deposition, redissolution, etc.). 

 

Potentiostatic electrodeposition of gold smelting effluent containing 63,500 ppm silver 

was conducted at the critical potential of 1.33 V for 180 minutes.  The corresponding initial 

rate of silver ion removal was found to be 305 ppm/min.  This was relatively lower than the 

estimated removal rate observed in Figure 5, which was around 1,706 ppm/min.  However, 

this difference was reasonable and proportional to the initial concentration of silver at about 

371,600 mg/L.   On the other hand, the purity of the cathode deposits was 89.33% and was 

substantially higher than that obtained under constant current (9A) electrodeposition, at 

approximately 79.1%.  This shows that competing reactions still occurred even at the critical 

voltage of 1.33 V but only up to a certain extent.  These reactions include the reduction of 

silver ion and other metal ion impurities into metal deposits.  Also, the formation of nitrous 

ions could have occurred that may precursor the dissolution of the co-deposited metals at 

electrodeposition time.  It is likely that these reactions may also occur at operating voltages 

higher than 1.33 V.  However, this was minimized by considering the calculated critical time 

in the electrodeposition parameters.  This higher purity shows that low potential 

electrodeposition improves the silver recovery operation in terms of the quality of cathode 

deposits.  However, it should also be noted that this required 180 minutes to obtain around 

84.37% silver recovery efficiency.  This electrodeposition time is substantially long and 

requires higher scale-up design and capital costs.  Thus, the electrochemical recovery process 

under high-potential conditions was further investigated in an attempt to increase the 

electrodeposition rate, and thereby shorten the electrodeposition time. 

 

3.5 Effects of High-Potential Operation at Critical Electrodeposition Time 

The effects of high-potential electrodeposition of the gold smelting effluent (1.5 V to 

2.0 V) on metal ion removal efficiencies, and purity of cathode deposits obtained at 
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corresponding critical electrodeposition time were investigated and the results are shown in 

Figures 7a and 7b, respectively.   

 

 

(a) (b) 

 

 

 

Figure 7.  Characteristics of metal deposits and metal ion removal from the 

electrodeposition of silver-rich gold smelting wastewater under various operating voltages 

at calculated critical electrodeposition time: (a) mass of deposits recovered versus percent 

silver ion removed; (b) purity of metal deposits. 

 

An increase in removal efficiencies with operating voltage was observed for silver and 

copper ions from 64% to 86%, and 33% to 56%, respectively, while those of lead and iron ions 

were essentially invariant and averaged to about 50% and 40%, respectively.  This shows that 

the relatively higher reduction potential and initial concentrations of silver and copper in 

comparison to lead and iron favored their deposition onto the stainless-steel.  Also, the increase 

in measured current at higher electrodeposition potential further resulted in faster reaction 

rates. 

 

The silver purity from the recovered metal deposits at different levels of high operating 

voltages ranged from 74% to 82%.  These values were found to be statistically invariant with 

the operating voltage indicating an average purity of about 81.7%.  This purity was lower than 

that obtained under 1.33 V indicating that the high operating voltage influenced more 

competing reactions to occur.  Metal impurities attributed to copper, iron, and lead deposits 

corresponded to 3.3%, while the remaining 18.5% were attributed to sulfur and potassium 

impurities.  Similar to silver purity, these impurities were found to be statistically invariant 

with operating voltage.  This trend indicates the uniform electrodeposition of metals onto the 

cathode surface regardless of applied potential.   However, according to Hanafi, et al. [53], 

while purity is uniform, only the structure of the deposited metals tends to vary with operating 

voltage.  While the measured current increased the deposition kinetics with higher 

electrodeposition potentials, more rapid growth in particle size results in a more dendritic 
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deposition behavior.  This behavior makes potentiostatic electrodeposition suitable for 

electrodepositing uniform metal alloy films where highly controlled structures are required. 

 

The masses of the deposits recovered from the process at the corresponding critical 

electrodeposition times were higher than those obtained at extended electrodeposition of 180 

mins.  This shows that the redissolution of the cathode deposits was minimized by predicting 

the critical electrodeposition parameter.  However, despite this consideration, the redissolution 

of silver and other metal deposits at higher operating voltages still occurred based on the 

decreasing mass of cathode deposits, shown in Figure 7a.  As a result, the mass of cathode 

deposits, hence the overall silver recovery efficiencies at higher operating voltages were lower 

compared to what was expected from the percent silver ion removal.  The deviation of silver 

metal recovery increased under higher operating voltages indicating that the rate of silver 

redissolution overcomes that of silver metal deposition. This happens as the reduction potential 

for the latter was lower than that influencing the conversion of nitrates into nitrous ions.  This 

presents an economic disadvantage for high potential operations. 

 

3.6 Optimal Condition for High-Potential Electrodeposition 

The potentiostatic electrodeposition experiments, so far, reflect the complex deposition 

behavior of different species over time.  While operating voltage highly dictates the efficiency 

of the process in recovering silver, the varying composition of the components of the gold 

smelting wastewater tends to make the process difficult to predict.  However, the approach of 

electrodeposition experiments implemented in this study limits the actual reactions that may 

be correlated to predict the mechanism and performance of the process in determining the 

optimum conditions.  Despite the limitations, an alternative optimization approach was used 

by statistically correlating the effects of operating voltage on process responses such as metal 

removal efficiencies, silver recovery efficiency, and the mass and purity of recovered deposits.  

With the aid of Design Expert v11, model regression was performed based on statistical tests 

for model significance, lack-of-fit, and desirable coefficients of determination (R-squared).  

The results showed that only the operating voltage had a statistically significant effect on silver 

ion removal efficiency, copper ion removal efficiency, mass of deposits, and silver recovery 

efficiency.  Uncoded model equations were generated (as shown in Equations 7 to 9) and may 

be numerically solved to determine an optimum voltage for scale-up operation.  

 

% Ag Removed = 291.48 – 295.14 E + 96.01 E2 (7) 

 

Mass of Deposits = 177.38 - 160.45 E + 40.51 E2 (8) 

 

% Ag Recovered = 119.58 – 40.10 E (9) 

 

In the interest of selectively recovering silver from the gold smelting effluent, 

numerical optimization was employed with the aid of the statistical software where the goal 

was to maximize silver ion removal efficiencies, silver recovery efficiency, and mass of 

deposits. The resulting optimum voltage was 1.66 V.  Experimental verification was performed 

at an optimum voltage of 1.66 V for a calculated critical electrodeposition time of 72.1 minutes 

to compare the predicted and actual responses of the process.   
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Table 2 shows a summary of the results of experimental verification. 

 

 

Table 2. Results of Experimental Verification of Electrodeposition of Silver Under Optimum 

Operating Voltage of 1.66 V. 

 

RESPONSE UNIT PREDICTED ACTUAL %DIFFERENCE 

Mass of Deposits (g) g 22.6 23.4 3.84 

Ag+ Removed % 67.7 77.8 14.97 

Cu2+ Removed % 33.3 34.1 2.43 

Pb2+ Removed % 50.4 31.1 38.30 

Fe2+ Removed % 40.7 - - 

Ag in Deposits % 81.7 86.5 5.95 

Cu in Deposits % 1.68 2.10 24.41 

Pb in Deposits % 0.45 0.38 17.40 

Fe in Deposits % 0.74 - - 

Ag Recovered % 50.3 57.6 14.6 

 

 

The percent removal of silver ions from the effluent was 77.8 %, while the mass of the 

deposits were 23.44 grams, found to have silver purity of 86.54 %.  The percent recovery of 

silver from the deposits was 57.64 %.  Meanwhile, copper ion removal from the wastewater 

was found to be 34.08%.  The values from experimental verification were within 15% 

difference from those predicted using the model equations, and the derived empirical equations 

for %Pb removal efficiency, and %Pb and %Cu deposited were up to ~38%.  The deviations 

were due to considering a scale-up strategy in the absence of electroanalytical instruments.  

Further studies on potentiostatic electrodeposition can benefit with the inclusion of 

electroanalytical methods.  Also, detailed parametric studies on the effects of pH, temperature, 

and electrode type on electrodeposition performance may be further investigated.  More 

importantly, detailed theoretical modeling of the reaction mechanism involving 

multicomponent electrodeposition for complex wastewaters is still necessary. 

 

3.7 Potentiostatic Silver Electrodeposition Charge Dose and Cost 

Finally, the charge dose concept was employed to determine a scale-up parameter for 

potentiostatic electrodeposition.  This parameter was also considered in previous 

electrodeposition scale-up studies for brine wastewater [54], algae-rich eutrophic lake water 

[55], and gold smelting wastewaters [6], [7].  This scale-up parameter is vital in estimating the 

energy requirement and operating cost of the process.  Beyond the energy cost, a detailed 

process design and economic feasibility study of the potentiostatic electrodeposition process, 

in comparison with current gold smelting operations, will be covered in a future publication. 

Thus, the capital cost of the scaled-up electrodeposition equipment, and the annualized 

maintenance cost for electrode replacement were not considered in this study. 
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The charge dose parameter estimated from Equation 4 is applicable under constant-

current or galvanostatic operations where changes in operating voltage are minimal.  Thus, for 

potentiostatic electrodeposition, a modified approach was used to estimate the charge dose by 

considering the changes in current throughout the electrodeposition time.  The applied charge 

[It] throughout the electrodeposition time was an integral function that can be numerically 

evaluated by calculating the area under the I vs t curve, as shown in the numerator function of 

Equation 11. 

 

Q=
∫ I dt

t

0

(C0-C) Vm

=
∑

1
2

(In+In-1)(tn-tn-1)t
n=0

(C0-C) Vm

 
(11) 

 

A linear plot between applied charge and mass of silver ions removed was 

constructed to estimate the charge dose for the potentiostatic electrodeposition operation at 

1.66 V and at an electrodeposition time of 72 minutes, as shown in Figure 8.   

 

 
Figure 8.  Estimated charge dose under potentiostatic electrodeposition: E = 1.66 V, 

tcritical = 72 mins, Co = 85,900 mg/L 

 

 

The charge dose evaluated at 1.66 V was 0.527 Coulombs per milligrams of silver ion 

removed from the gold smelting effluent with a high R-squared value of 0.911.  This 

potentiostatic operating scale-up parameter was lower than that evaluated under galvanostatic 

or constant current electrodeposition evaluated by Alfafara, et al. at 1.273 C/mg silver ion 

removed [6].  This lower value favors the potentiostatic electrodeposition technique as less 

amount of electrical charge; hence, lower energy is needed in removing silver ions from the 

gold smelting effluent.  In particular, using Equation 5, the estimated energy requirement for 

the operation was 0.24 kWh/kg silver removed, which was approximately more than half of 

that required in constant-current electrodeposition.  Based on local industrial power cost of 

PhP 11.80 per kWh, the average treatment cost for silver electrodeposition was PhP 2.80 per 

kilogram of silver recovered.  For an initial silver concentration of 85,900 mg/L, the 
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electrodeposition cost would approximately be PhP 240.5 per cubic meter of gold smelting 

wastewater.  The direct proportion between the charge dose scale-up parameter and energy 

cost set a reasonable economic index for potentiostatic electrodeposition over the galvanostatic 

technique.  Also, the purity of the recovered cathode deposits relative to silver was still higher 

during potentiostatic operation than that obtained using the galvanostatic method.  At 1.66 V, 

the energy costs for the constant-voltage operation was half of that estimated by Alfafara et al. 

for a constant-current operation at 9 A.  This cost reduction presents the potential advantage of 

the potentiostatic electrodeposition method. 

 

 

IV. CONCLUSION 

 

Potentiostatic or constant-voltage electrodeposition was investigated in contrast with 

galvanostatic or constant-current electrodeposition as a more practical method to recover silver 

from an artisanal gold smelting effluent.  While previous studies on galvanostatic 

electrodeposition show high silver ion removal and recovery efficiencies, the potentiostatic 

electrodeposition technique favors recovery operations where high silver purity and minimum 

recovery costs are prioritized.  Electrodeposition experiments showed that operating voltage 

proportionally affected the current supplied and influenced the deposition of dominant metal 

ions (silver, copper, iron, and lead), and initial rate of silver ion removal.  The redissolution of 

metal deposits also occurred under high-potential electrodeposition (1.5 V to 2.0 V) based on 

the decreased mass of deposits recovered after prolonged operation.  Critical operating 

conditions were essential in managing the co-deposition and simultaneous redissolution of 

deposits.  Under a critical operating voltage of 1.33 V, the silver purity from recovered deposits 

was observed to be 89.33%, but at the expense of a low silver ion removal rate and longer 

electrodeposition time.  On the other hand, high-potential electrodeposition (> 1.5 V) with the 

consideration of a critical electrodeposition time can minimize the metal redissolution but only 

to a certain extent.  Numerical optimization with the aid of the statistical software revealed an 

optimum operating voltage of 1.66 V with a critical electrodeposition time of 72 minutes.  

Experimental verification resulting in 77.8% silver removal efficiency, and 86.5% silver purity, 

were found to be in reasonable agreement with predicted values.  In both cases, silver purities 

were higher than those reported under constant-current electrodeposition.  However, detailed 

parametric studies and the use of electroanalytical methods such as cyclic voltammetry are still 

recommended to understand the mechanisms of the competing electrochemical reactions like 

metal co-deposition, redissolution, and formation of metal sulfides.  For scale-up, the charge 

dose evaluated for the potentiostatic electrodeposition was 0.5273 C/mg silver deposited with 

an energy requirement of 0.24 kWh/kg silver recovered. The corresponding cost was PhP 2.80 

per kilogram of silver.  Overall, the potentiostatic electrodeposition has lower energy 

consumption and cost than that of galvanostatic electrodeposition, and even those of copper 

recovery alternatives evaluated from previous studies.  This lower operating cost is indicative 

of a favorable economic metrics that may be a subject of future process feasibility studies.  
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NOMENCLATURE 

 

Symbol Description Units 

a time constant s 

b voltage constant V 

Cd concentration of metal in acid-dissolved deposits mg/L 

Co initial metal ion concentration mg/L 

C final metal ion concentration mg/L 

E voltage or potential V 

I Current A 

Q charge dose C/mg 

t electrodeposition time s 

tcritical critical electrodeposition time min 

Vm working volume for electrodeposition L 

Vs volume of solution containing acid-dissolved cathode deposits L 

Wd weight of the cathode deposits mg 
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