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ABSTRACT 
Due to the increasing pollution in recent times due to industrial development and increase the proportion of heavy materials in all 
media (water, air and soil) led to increase the impact of these pollutants on the Human. So is the use of ways to reduce or eliminate 
these pollutants. It was his way of electrodeposition study in this research. The purpose of the present work is to design an 
electrochemical system (fixed bed reactor) to recovery the silver ion Ag+1 from waste x ray films. The medium of experiments was 
waste x-ray films Solution. The performance of silver deposition process was tested for three major factors that affected the 
process which were: variable temperatures (30, 40, and 50) ˚C, different flow rate (0, 100, and 1000) ml/min, different applied 
voltage (5, 10, and 15) V and one concentration for each solution. The best removal efficiency of silver is 97.5 % when the cathode 
bed material is copper. The results showed that the deposition (removal efficiency) increased with increasing temperature at low 
temperature (20 and 30) ˚C and then decreased with increasing temperature at high temperature (30 and 40) ˚C. The removal 
efficiency decreased with increasing flow rate but increased with decreasing applied voltage. 
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INTRODUCTION 

 

Heavy metal pollution is an important environmental problem in the aqueous system originated from 

different sources [1]. Presence of heavy metal even in traces is toxic [1]. Heavy metals are elements having 

atomic weights between 63.5 and 200.6, and a specific gravity greater than 5.0 [2]. Silver (Ag), a precious 

metal, is generally obtained from natural sources also as a by-product of   metallurgical and industrial processes 

and has been applied in different forms including electronic, pulp, jewelry and radiographic industries [3], [4]. 

Photographic waste is the waste generated by the photographic processing machine in paper and printing 

industries. x-ray film also is one of the photographic wastes generated by hospital and biochemical lab [5]. The 

light-sensitive properties of silver compounds are the key to most photographic processes, and the basis of most 

of the waste produced. Like the compounds of many other heavy metals, they are highly toxic, and classified as 

special wastes. A number of different methods were employed for achieving recovery of heavy metal such as: 

chemical precipitation techniques, chemical recovery, electrolytic recovery, metallic replacement or cementation 

process and ion exchange [1]. One of the other method to produce of silver are the electrochemical reactor 

(Electrolyzer). There are several types of electrochemical reactors which including batch and continuous (stirred 

tank reactor, plug flow reactor) are used to recovery of silver from waste. Among them are fixed and fluidized 

bed reactors. Packed bed electrodes can be used for electrochemical recovery of heavy metals from a variety of 

industrial and laboratory model solutions [6]. 
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2.Electrolyte preparation: 

The experimental work was divided into the following parts: 

1- Experiments were performed in an electrochemical packed bed reactor to recovery of silver from fixer 

and waste x-ray solution by using electrode position mechanism. 

2- Experiments were performed to study the cathodic polarization (potential-current measurements) for the 

reductions of silver ion (Ag+1) in fixer and waste x-ray solution by using manual connection design of 

electrochemical packed bed reactor for electrode position. 

The experimental work was carried out at four different inlet temperature (20, 30, 40 and 50) °C were 

considered with three different volumetric flow rates (0, 100 and 1000) mL/min in the presence of three 

different voltages (5,10 and 15) V and the silver concentration was measured at 1 hr. 

The electrolytic solutions used in this study were as follows: 

Solution of waste x-ray Films Used x-ray films were collected from Al Mahaweel Hospitalin Babylon 

Governorate. The waste x-ray films were cut into small pieces (5×5) cm and weighed (150) g. The weighed 

waste x-ray films were added to 5% of hypochlorite (NaOCl) in a 1000mL beaker and shaken to allow uniform 

dissolution of the silver compounds. The mixture was stirred for 10 min until all black color disappeared from 

the films after which the polyethylene plates were washed with 800ml of distilled water to ensure no loss of any 

silver solution. 

 

3.Experimental procedure: 

The experimental work was divided into the following parts: 

1-Experiments were performed in an electrochemical packed bed reactor to recovery of silver from fixer 

and waste x-ray solution by using electrode position mechanism. 

2- Experiments were performed to study the cathodic polarization (potential-current measurements) for the 

reductions of silver ion (Ag+1) in fixer and waste x-ray solution by using manual connection design of 

electrochemical packed bed reactor for electrode position. 

The experimental work was carried out at four different inlet temperature (20, 30, 40 and 50) °C were 

considered with three different volumetric flow rates (0, 100 and 1000) mL/min in the presence of three 

different voltages (5,10 and 15) V and the silver concentration was measured at 1 hr. 

Before starting each run 3 liter of electrolytic solution was prepared and added to the 3liter beaker in water 

bath that was introduced into the electrochemical backed bed reactor. The heater controller in the bath was set to 

the desired temperature (20, 30, 40 and 50 
o

C), during the heating period until the path temperature reached the 

required temperature level, the electrical circuit was connected to the cell and to a reference electrode. After 

checking all the electrical connections, valve 1 was opened and the pump was switched on and the electrolyte 

started to flow in the system through the bypass section without letting the electrolyte to flow through the cell.  

The experimental part is divided into two part: 

 

Electrodeposition process: 

After valve 1 was opened and electrolytic solution started to flow in in the system through the bypass 

section (PVC tube). When the bath and the electrolyte reached the required temperature; the cell valve (valve 2) 

was opened to allow the electrolyte to flow through the electrochemical reactor. 

 

i. Batch process: 

In the part of the electrodeposition of silver from electrolytic solution for a batch process; after the 

electrolytic solution reaching the required temperature (T=20 C) the bypass valve was closed and the cell valve 

(valve 2) was opened to allow the electrolyte to flow through the electrochemical reactor (catholyte 

compartment).when the reactor (anode and cathode chamber) was filed with the electrolytic solution the valve 

on the top of reactor(valve 6) is closed and the cell valve (valve 2) was closed to without letting the electrolyte 

to leave and the pump was stopped. 

DC power supply was controlled at 5V and the current flow through the packed bed reactor and at each 5 

min the electric current was recorded for 1 hour and at the end of this run the DC power supply was switched 

off, then the drain valve (DV) was opened in order to drain the used electrolytes. The system was then washed 

with distilled water 3 times in circulation to make sure that there was no electrolyte left in the system. After and 

before each runs will take a sample for atomic absorption(AAS) test. In the AAS test the concentration of the 

heavy metals is found by measure the absorptivity from this device. The above procedure was repeated exactly 

for three different temperatures (30,40,50) at the same voltage and after that the voltage was change to 10 V and 

15 V The above procedure was repeated exactly for these voltage. The above procedure was repeated exactly for 

each condition. Experiments repeated at least twice to ensure the accuracy and a third run was carried out when 

reproducibility was in doubt. 
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Table 1: The symbols of Fig 1. 

P-1 Pump 

WB Water bath  

DV Drain Valve  

B-1-2 Picker 

ER Electrochemical Reactor 

1 Position 1 of capillary tube (bed height =1 cm)  

2 Position 2 of capillary tube (bed height = 5 cm) 

3 Position 3 of capillary tube (bed height =  9cm) 

V1-V6 Valve 

 

RESULTS AND DISCUSSION 
 

In this chapter,  all the experiments carried out in fixer and waste x-ray films solution as supporting 

electrolyte aim to find the amount of silver removed by electrochemical deposition for flow through packed bed 

electrochemical reactor and to study the current and potential distribution (polarization curves) within the bed, 

and also to take the effect of temperature, flow rate, and redox concentration in consideration, in order to find 

the mass transfer coefficient correlation using limiting current density technique. Also studying the 

electrochemical reduction of silver on cathode by taking the effect of the temperature, flow rate and applied 

voltage and hence finding the optimum conditions for the removal of silver. 

The electrochemical reactions occur in packed bed reactorare as follows: 

1-In waste x-ray solution (5% NaOCl) 

At the cathode   

The metal ions are being reduced asshown, 

Ag+1
(aq) + e      →   Ag                            E0 = 0.8V                                                     (4.1) 

There are various competing reactions at the cathode and the most common reaction is when the H+ ions are 

being reduced to hydrogen gas and the reduction of water to produced oxygen (O2). 

2H+1(aq) + 2e    → H2                                E0 = 0V                                                      (4.2) 

2H2O(l) + 2e → H2(g) +2OH-1
(aq)                E0 = -0.8277V                                            (4.3) 

At the anode 

Although the metal to be recovered will be deposited at the cathode, careful selection of the anode is needed 

to ensure that it will be inert in the electrolyte. A common reaction at the anode is shown below, 

4OH-1
(aq) →   O2(g) + 2H2O + 4e-              E0 = - 0.4 V                                              (4.4) 

2H2O(l)   → 4H+1
 (aq) +O2 (g) +e-                  E0 = -1.23 V                                            (4.5) 

2Cl-1 
(aq) → Cl2 (g) +2e                               E0 = -1.358 V                                           (4.6) 

 

4.1 The Effect of Temperature on The Removal Efficiency of Silver: 

All the experiments were carried out at temperature of (20, 30,40 and 50) °C at different solutions (waste 

fixer and x-ray films) and different flow rate. The influence of temperature on electrodeposition of silver is 

shown in Fig [2 - 4]. The removal efficiency of silver ion increased when electrolyte temperature increased from 

20 °C to 30 °C due to the very small amount of hydrogen gas production at this temperature on the cathode 

surface, so that all deposits ion arrived to the electrode surface easily to produce metal atom. With an increase in 

electrolyte temperature from 30 °C to 50 °C, the removal efficiency (deposition of silver) decreased due to 

increase the rate of hydrogen (H2) formation, after that the conductivity of the solution decreased due to the 

presence of hydrogen Bubbles in the electrolytic solution [7]. Firstly, the increase intemperature led to an 

increase in corrosion rate because increasing temperature increased the rate of oxygen diffusion to the metal 

surface. Secondly, as the temperature increased the oxygen solubility decreased. The presence of high 

concentration of oxygen thereby caused the metal to be corrode faster [8]. 

In electrodeposition processes, there was a very small amount of hydrogen gas production at the cathode, if 

the electrolyte is an aqueous solution. When the temperature increased, the speed of formation of H2 increased 

more rapidly than the electrodeposition of metal and at the same time the cathodic efficiency decreased. Also 

the dissolution rate of the cathode increased and the decreased of over-potential hydrogen with the increase of 

the temperature produced an increase in the H2 release [7].  

In general, an increase in bath temperature caused an increase in the crystal size. Increasing bath 

temperature solubility increased and thereby the transport number, which in turn led to increase conductivity of 

the solution. It also decreased the viscosity of the solution, thereby replenishing the double layer relatively 

faster. High bath temperature usually decreased adsorption of hydrogen on the deposits and thereby reduced 

stress and tendency toward cracking. By increasing the bath temperature from 45°C to 55°C, the grain size of 

deposit partial decreased, whereas a further increase of bath temperature resulted in a contrary effect. We 

concluded that the optimal conditions for electrodeposition were obtained at temperature of about 30°C [9]. 

 



55   Muntader Ahmed Eassa and Shaker Salih Bahar., 2016/ Advances in Natural and Applied Sciences. 10(15) October 2016,  

          Pages: 52-60 

 

4.2 The effect of applied voltage on the removal efficiency of silver: 

The effect of applied voltage on electrodeposition of silver studied at a constant time for one hours. Three 

voltage (5, 10 and 15) V were used for different electrolyte solution (waste fixer and x-ray films), different Flow 

rate   and temperature of the solution. The influence of applied voltage on the removal efficiency of silver is 

shown in Figure [5 to 9]. The Current density increased when the voltage increased. At low applied voltage, thin 

film of silver was deposited, due to the low rate of cathodic reduction occurring at cathode. 

It is worthy of note that the quality of deposited film is strongly dependent on applied voltage, when a low 

voltage was applied, the film forms slowly and deposition yield was low. At high voltage, the deposition 

proceeded quickly, but film deposited on the cathode became loose and roughly [10]. 

Due to high current density resulted from high voltage, the concentration polarization happened as the 

severe shortage of Ag+1 ions near the electrode plate, which led to the H2 gas generation [11]. When the applied 

voltage increasing the removal efficiency of silver ion decreasing this due to the appearance of side reaction (H2 

evolution). This led to low conductivity of solution and a decrease in silver deposition. 

 

4.3 The effect of Flow rate on the removal efficiency of silver: 

The effect of Flow rate on electrodeposition of silver studied at a constant time for one hours. Three flow 

rates (0, 100 and 1000) ml/min were used for different electrolyte solution (waste fixer and x-ray films), 

different applied voltage and temperature of the solution. The influence of applied voltage on the removal 

efficiency of silver is shown in Figure [5 to 9]. It is noted from this figure that increasing solution flow rate lead 

to the deceased of removal efficiency decreased. This reduction in removal efficiency is explained by the 

decrease of residence time in the electrodeposition packed bed reactor with increasing solution flow rate and 

hence the silver ion spent less time in the reactor at high flow rate. When increasing solution flow rate, boundary 

layer thickness decreased and diffusion increase leading to an increase of efficiency removal but residence time 

decrease with increasing solution flow rate [12].   

In addition, turbulence generated by the rising solution flow enhanced the rate of mass transfer at the anode 

and cathode with a consequent decrease in concentration polarization which tended to slow down the rate of 

cathodic and anodic reactions and may led to the anode passivation especially at high current densities. The 

corrosion rate increases with increasing flow rate (velocity). In another words, increasing flow rate increased the 

amount of oxygen arriving to the surface leading to higher corrosion rate.  Increasing velocity leads to decrease 

the thickness of diffusion layer that represented the main resistance to oxygen transport. This behavior is in 

agreement with previous findings [13]. 

 
Fig. 1: Schematic diagram of flow system for single compartment 
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Fig. 2: Effect of temperature on removal efficiency of Ag+1 in waste x-ray solution at different applied voltage 

and batch process (Q=0 ml/min). 

 
 

Fig. 3: Effect of temperature on removal efficiency of Ag +1 in waste x-ray solution at different applied voltage 

and Q=100 ml/min. 
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Fig. 4: Effect of temperature on removal efficiency of Ag+1 in waste x-ray solution at different applied voltage 

and Q=1000 ml/min. 

 

 
 

Fig. 5: Effect of voltage (v) on removal efficiency of Ag+1 in waste x-ray films solution at different electrolyte 

flow rate and T=20 0C. 
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Fig. 6: Effect of voltage (V) on removal efficiency of Ag+1 in waste x-ray films solution at different electrolyte 

flow rate and T=30 0C. 

 

 
Fig. 7: Effect of voltage (v) on removal efficiency of Ag+1 in waste x-ray films solution at different electrolyte 

flow rate and T= 40 0C. 
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Fig. 8: Effect of voltage (v) on removal efficiency of Ag +1 in waste x-ray films solution at different electrolyte 

flow rate and T=50 0 

 

 
 

Fig. 9: Effect of voltage (V) on removal efficiency of Ag +1 in waste x-ray solution at different electrolyte 

temperature and batch process (Q=0 ml/min). 

 

Conclusions: 

The following points can be concluded from the present work:  

1. Particulate electrodes do not normally operate with a uniform reaction rate and potential, because of 

Ohmic voltage losses within their structure and consequently the specific area is not used to the full. In the range 

of experimental conditions used in the present work, it is found that the electro-active bed thickness to be 

approximately 2 cm in the direction of current flow.  
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2. The reaction rate (current density) and polarization (potential distribution) increase with a decrease in the 

electrolyte flow rate or velocity at constant electrolyte temperature due to the diffusion boundary layer, near the 

cathode surface, becomes thinner.  

3. Increasing electrolyte temperature slightly improves current density at the same potential. This is because 

increasing temperature increases solution conductivity which in turn causes a decrease in IR drop  

4. In general, low applied voltage and high bath concentration, preferred to achieve the highly silver 

deposition efficiency.                                           

5. silver removal increases when the temperature of electrolyte decreased.                                                                                                          

 6.The best removal of silver is 97.5 % when the cathode bed material is copper.                                                                                                                

7. The increasing in the volumetric flow rate lead to an increase the limiting current density, where 

corrosion current density and corrosion potential become more negative. 
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