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ABSTRACT 

This study deals with the issue of copper separation from acidic etching solutions formed during the process of 

production of printed circuit boards (PCBs) for the electrical and electronic industries. The article describes the 

selected methods of copper separation and summarizes the results of an experiment, in which the efficiency of 

copper recovery from the depleted acid solutions by the cementation and precipitation method was verified. In the 

process of cementation, iron in the form of metallic swarf was used as a precipitant. To verify the efficiency of the 

precipitation method, CaCO3 limestone, Ca(OH)2 calcium hydroxide and NaOH solution were used. During the 

measurement, the amount of Cu in the solution was observed for both methods in dependence on time, temperature, 

and pH.  
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1 INTRODUCTION 

As a result of the massive advent of digitization and robotization in all areas of human life, there is a worldwide 

increase in demand for printed circuit boards, which are an essential component in the production of electrical and 

electronic products [1, 2]. The technology of PCB production consists of several partial mechanical, chemical, 

galvanic and photo-optical operations that are associated with the circulation of water and chemicals [3, 4]. One 

of the main production operations is the process of acid etching, which eats away copper from the predetermined 

points on the PCB and creates the basic design. The waste bath from this process is a solution with a high content 

of copper, which represents a burden on the environment and a hitherto little-used source of valuable metal [5, 6]. 

Wastewater and sludges from the PCB production process (depleted electrolytic, pickling or etching baths) contain, 

in addition to copper, many substances with a negative impact on the environment, as well as other valuable metals 

[7]. Therefore, in addition to economic reasons, the use of these sludges as secondary raw materials for further 

production brings also ecological benefits [8–11]. The most efficient way to deal with these wastewaters and the 

generated sludges is the recovery of metals [9, 12]. In the recovery of metals, the form, in which metals are 

recovered from waste, is very important, the most advantageous is the pure metal in the solid form [5, 7, and 8]. 

Given the growing demand for copper worldwide, recycling and reusing copper is the only way for a sustainable 

future for many industries [13, 14]. This study deals with the issue of copper separation from acidic etching 

solutions generated during the PCB production process. The subject of the experiment was to verify the efficiency 

of Cu recovery by the method of cementation and precipitation. 
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2 METHODS AND MATERIALS USED 

2.1 Cementation  

The essence of the cementation method is to remove metals from solutions of metals. The process is based on an 

electrochemical reaction between the cementing metal and the metal ion that is to be removed from the solution 

[15]. The possibility of cementation is determined by the relationship between the electrode potential values of 

both metals. The metal, by which we want to displace (the precipitant) must have a more negative electrode 

potential than the metal to be removed. The process stops after achieving equilibrium values of the electrode 

potentials [16, 17].  

For industrial cementation of copper, ferrous waste is most commonly used as a precipitant due to its easy 

availability and favourable price [18]. Nickel or zinc are also other suitable precipitants. During the cementation 

process, metallic copper is removed and then replaced by an equivalent amount of iron, which passes into the 

solution [15]. The copper cementation process using Fe as a precipitant is shown in Figure 1 [5, 16].  

 

Figure 1. Schematic diagram of the cementation process [19] 

 

The duration of contact necessary for deposition of the copper depends on the following factors: 

• the purity of the iron used; 

• temperature; 

• the pH of the solution; 

• mixing rates; 

• the area of the contact surface; 

• the total concentration of copper in the solution [8].  

The raw material recovered by cementation has a very low content of the metal itself, so it must be refined 

before further use. In the case of copper, this refining is usually done by smelting followed by electrolytic 

refining [13, 18]. 

 

2.2 Precipitation 

Precipitation of metals is one of the chemical procedures for obtaining metals from aqueous solutions. The 

principle of the process is the deposition of metal in the form of a poorly soluble compound. This process may be 

final or one of the refining steps of hydrometallurgical processes for obtaining metals [16]. In practice, 

precipitation processes in the form of hydroxides and sulphides are usually used. For deposition of heavy metals 

in the form of poorly soluble hydroxides, the addition of NaOH or milk of lime is most often used. The solubility 

of hydroxides of metals is highly dependent on the pH value of the solution and this value is specific to each type 

of metal [15, 20]. 
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For cations of metals, such as Cu, Ni, Co, Zn, Cr or Cd, it is best to use precipitation procedures in the form of 

hydroxides [12]. For some heavy metals, however, a solution of sulphides or sulphates to form poorly soluble 

sulphates is a more suitable precipitant [12]. Sulphide precipitation is used as an alternative method for separating 

heavy metals in wastewater and solutions. Sulphide precipitation has a large number of advantages, such as high 

stability and low solubility of metal sulphides, which makes it possible to achieve a high degree of precipitation 

from the solution in a wide pH interface, including acidic areas. The resulting precipitates are also better filterable 

[16]. 

According to the type of precipitating agents used, sulphide precipitation is divided into the classical method of 

precipitation using hydrogen sulphide gas, the soluble sulphide method and the insoluble sulphide method. 

Aqueous solutions of Na2S, NaHS, CaS or (NH4)2S are used as a donor for the soluble sulphide method. For the 

insoluble sulphide method, insoluble or very poorly soluble sulphides, such as zinc sulphide are used as 

precipitating agents, but in practice, it is applied only exceptionally [18]. This method is also used in the 

precipitation of mercury cations [16]. 

2.3 Input material 

Acid etching of printed circuit boards is performed in a bath containing chemically pure hydrochloric acid, 

hydrogen peroxide, cupric chloride, water and additives. Copper etching occurs in several minutes and during the 

etching process, the bath becomes considerably heated. 

Etching with the use of cupric chloride runs within the following chemism:  

Cu + CuCl2 = 2 CuCl        (1)  

2 CuCl + 2 Cl- = 2 CuCl2        (2) 

H2O2 + 2 HCl = 2 Cl- + 2 H2O        (3) 

At the moment when the bath ceases to be functional, it is called a depleted bath. The waste bath from this 

production process is characterized by a high copper content and a low pH value [21]. The characteristic 

composition of the depleted etching bath is shown in Table 1. 

 

Table 1. Characteristics of the depleted etching bath  

 

 

  

 

Specified parameter Unit Measured sample values 

pH  0.1 

Rl mg/l 287000 

Nl mg/l 30 

Knacker mg/l 135000 

COD Cr mg/l 3840 

BOD 5 mg/l 146 

Ammoniacal nitrogen mg/l 112 

Total nitrogen mg/l 7140 

Chlorides mg/l 728000 

Sulphates mg/l cannot be determined 

P mg/l 38.1 

Total cyanides mg/l 0.015 

AOX mg/l 50.5 

Cd mg/l < 0.5 

Cr mg/l < 3 

Cu mg/l 131000 

Hg mg/l 0.0051 

Ni mg/l < 2 

Pb mg/l < 5 

Zn mg/l 698 
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3 EXPERIMENTAL PROCEDURE AND APPARATUS  

3.1 Sample preparation and measuring devices used 

Before the performance of the experiment, the pH values of the solution and the Cu content were verified on the 

sample. The input sample had a very low pH value of -1.22 and the detected amount of Cu found in the solution 

was 148.100 mg/l. The exact content of metal elements was determined using atomic absorption spectroscopy 

using the GBC 932 AA instrument at the Department of Metals and Corrosion Engineering of the University of 

Chemistry and Technology Prague (VŠCHT), the pH value of the solution was measured using a calibrated glass 

electrode on two-channel pH meter Thermo Orion 525A+. 

Due to the negative pH value, the sample was first neutralized using CaCO3 (finely ground limestone D7 according 

to ČSN 72 1220 [22]), which resulted in an increase in pH to the required value of 1.5. The amount of limestone 

consumed to achieve the required pH value (1,5) was 83.856 g. The sample thus treated was used for subsequent 

cementation, as well as for the precipitation method. 

Throughout the cementation and precipitation, the sample temperature was measured using TC, IKA – WARKE; 

the redox potential and the pH of the solution were measured using calibrated glass electrodes on a two-channel 

pH meter Thermo Orion 525 A+. The content of metallic elements was determined by atomic absorption 

spectroscopy using the GBC 932 AA instrument at the Department of Metals and Corrosion Engineering of the 

University of Chemistry and Technology Prague. 

 

3.2 Copper recovery by the cementation method  

The selection of a suitable precipitant depended on different values of electrode potentials. For experimental 

cementation, iron in the form of metallic swarf was used. The electrode potential of iron is -0.44 V and that of 

copper 0.34 V [16]. These different values should lead to the fact that the surface of the lump iron after immersion 

into a solution containing copper ions is immediately covered with a precipitated layer of copper.  

Each neutralized sample was first diluted 2 times (250 ml of distilled water was added to the 250 ml of the sample 

with the adjusted pH value) and then the pH value of the sample was measured again with a resulting value of 

1.9. 

For the cementation itself, the necessary amount of added Fe was found, which was always added in excess 

(within the range of approx. 5 to 1.5 times the calculated amount of Fe (175 g). Cementation of all samples was 

carried out at 40 °C; the last sample was subjected to cementation at a temperature of 25 °C. The precipitant (iron 

swarf) was kept moving by force during the experiment so that the cemented copper was abraded by constant 

mutual friction and the surface could remain electrochemically active for a longer time. After heating the solution 

to the required temperature, a determined amount of Fe was added under constant stirring ensured by the 

EUROSTAR digital IKA - WERKE stirrer at a set speed of 360 rpm, and the measurement of the duration of 

cementation was started. 

Immediately after the addition of Fe, the temperature of the sample began to rise sharply. For this reason, all 

measurements were performed under the suction device. After certain time intervals (0 min, 5 min, 10 min, 15 

min, 30 min, 45 min, 60 min) samples of 20 ml were taken, which were filtered through a filter paper – “Filtra 

acido hydrochlorico et hydroflourico extracta 388”. One drop of concentrated HCl was added to the filtered 

samples to prevent the formation of sediment. Subsequently, the amount of Cu and Fe was determined in the 

samples using atomic absorption spectrophotometry (AAS). After completion of the cementation (after 60 

minutes), the remaining solution was allowed to cool; afterwards, the solution was filtered and the filter cake 

with added iron coated with copper was dried. The dry sample was handed over for further processing by 

electrolytic refining. 
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3.3 Removal of copper by the precipitation method 

Precipitation was carried out by two procedures. For one measurement, an already neutralized sample with a pH 

value of 1.5 was used. For the second measurement, an untreated input sample was used. Both samples were first 

diluted 2 times (250 ml of distilled water was added to 250 ml of the sample) and then the pH value of the solution 

was measured again. 

Precipitation was performed at temperatures of 25 °C and 40 °C, the solution was stirred all the time using the 

EUROSTAR digital IKA – WERKE stirrer at a set speed of 360 rpm. 

Various precipitants were used for precipitation. For the first measurement, limestone (CaCO3) was used, which 

was added till the initial formation of the precipitate. Subsequently, precipitation was continued using calcium 

hydroxide Ca(OH)2. 

For the second sample, a 50% solution of NaOH was used as a precipitant, which was added till the initial formation 

of the precipitate. At this moment a 25% solution of NaOH began to be added to subsequently slow down the 

reaction. 

During the measurement, 20 ml samples were taken at different pH values and then filtered. The samples were 

filtered under reduced pressure using a Buchner funnel through a filter paper – “Filtra acido hydrochlorico et 

hydroflourico extracta 388”. In the filtered samples, the pH value and redox potential were measured using glass 

electrodes on a two-channel pH meter. In the samples taken, the amount of Cu was also measured using atomic 

absorption spectrophotometry (AAS). Subsequently, 1 drop of concentrated HCl was added to each sample taken 

to prevent the formation of a precipitate. Precipitation was stopped when the determined pH value was reached, 

and the remaining sample was filtered according to the same procedure used for the samples taken. The filter cake 

was then dried and handed over for further analysis. 

 

4 RESULTS AND DISCUSSION 

4.1 Evaluation of the cementation method 

The cementation method has been verified in 6 measurements. For the first 5 measurements, after dilution of the 

samples, the input pH value was 1.9. The samples were then heated to an initial temperature of 40 °C. After 

achieving the desired temperature, cementation was started with the addition of the calculated dose of Fe (700 g, 

560 g, 420 g, 280 g, 210 g). 

For all measurements performed, the temperature increased during the first 5 minutes to an average of 70.8 °C and 

then gradually decreased. The amount of copper in the solutions decreased rapidly after the start of cementation, 

causing a discolouration of the solution, see Figure 2. Almost in all measurements, copper afterwards cemented 

with 99% efficiency during a time interval of max. 15 minutes (when a larger excess of Fe was added, this 

efficiency was achieved already in the 5th minute of measurement). The amount of Fe released into the solution 

was up to 25% of the total amount added. 

The final 6th measurement was performed on a sample with the same pH value of 1.9 and an initial temperature of 

25 °C. Altogether 280 g of Fe was added to the sample (this amount was chosen based on previous measurements 

where the highest separation efficiency was achieved at this amount). The temperature increased to a maximum 

temperature of 58 °C within the first 5 minutes and the highest efficiency was reached after 15 minutes of 

cementation. The resulting measured and recalculated values are presented in Table 2. The progress of cementation 

of two samples with different initial temperatures and the same amount of added iron precipitant is graphically 

shown in Figure 3. 
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Figure 2. Discoloration of the sample after 15 minutes of cementation 

 

Table 2. Cementation efficiency of all measurements after 15 minutes 

Evaluation of cementation efficiency after 15-min measurement 

Measurement 

number 

Initial 

temperature 

[°C] 

Input 

pH value 

Amount of Fe 

added 

[g/l] 

The efficiency of 

Cu recovery 

[%] 

Amount of released 

Fe 

[%] 

1 40 1.9 700 99.85 5 

2 40 1.9 560 99.98 13 

3 40 1.9 420 99.91 15 

4 40 1.9 280 99.89 25 

5 40 1.9 210 97.15 22 

6 25 1.9 280 99.98 22 

 

 

 

Figure 3. Evolution of the cementation process for the samples with different temperatures 

(measurements no. 4 and no. 6) 
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4.2 Evaluation of the precipitation method 

The precipitation method has been verified in 2 measurements. For the first measurement, an already neutralized 

and diluted sample with a pH value of 1.9 and an initial temperature of 25 °C was used. CaCO3 limestone was 

used as precipitant, which was added till the initial formation of the precipitate (pH value 2.7) and precipitation 

subsequently took place with the help of Ca(OH)2. Precipitation ran under constant stirring using the EUROSTAR 

digital IKA – WERKE stirrer at a set speed of 360 rpm. The precipitation reaction was stopped when the pH value 

of 3.5 was achieved. 

For the second measurement, a diluted original sample with a pH value of -0.55 was used. The initial temperature 

was raised to 40 °C and a 50% NaOH solution was used as a precipitant, which was added till the initial formation 

of the precipitate (pH value 2.7). Further precipitation ran using a 25% solution of NaOH to slow down the 

evolution of the precipitation reaction. The precipitation reaction was stopped at a pH value of 5. 

Filtration of the samples was performed under reduced pressure using a Buchner funnel through a filter paper – 

“Filtra acido hydrochlorico et hydroflourico extracta 388”. The resulting precipitate was very poorly filtrable in 

both samples, even at the increased temperature. In the filtered samples, the pH value and redox potential were 

measured using glass electrodes on a two-channel pH meter. 

In both measurements, after the addition of precipitants, the solution became gradually brighter and thickened, see 

Figure 4. The efficiency of Cu removal from the solution was 95% at maximum. With the increasing pH value, 

activity in both measurements increased too. The redox potential decreased during precipitation reactions in both 

samples. The resulting measured and recalculated values are given in Tables 3 and 4. The decrease in redox 

potential and the decrease in Cu content in solution are graphically shown in Figures 5 and 6. 

 

 

Figure 4. Change of colour and consistency of the solution during the precipitation process 

 

Table 3. Resulting values of the 1st measurement of the precipitation method 

Measurement no. 1 – Precipitation (T 25 °C. CaCO3. Ca(OH)2) 

Sample 

no. 

pH 

value 

Amount of Cu 

in solution 

[g/l] 

Amount of 

recovered Cu 

[g/l] 

The efficiency of 

Cu recovery 

[%] 

Redox 

potential 

[MV] 

Temperature 

 

[°C] 

input 1.9 148.10 0.00 0.00 399.40 25 

1 - 1 2.7 37.52 110.58 74.67 334.60 25 

1 - 2 3.0 9.22 138.88 93.77 299.20 25 

1 - 3 3.5 6.91 141.19 95.33 262.80 25 
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Figure 5. Decrease in redox potential and decrease of Cu content in the solution 

 

Table 4. Resulting values of the 2nd measurement of the precipitation method 

Measurement no. 2 – Precipitation (T 40 °C. NaOH) 

Sample 

no. 

pH 

value 

Amount of Cu 

in solution 

[g/l] 

Amount 

of recovered Cu 

[g/l] 

The efficiency of 

Cu recovery 

[%] 

Redox 

potential 

[MV] 

Temperature 

 

[°C] 

input -0.55 148.10 0.00 0.00 407.0 40 

2 - 1 2.70 61.40 86.70 58.54 369.9 50 

2 - 2 3.00 34.85 113.25 76.47 340.2 40 

2 - 3 3.50 20.19 127.91 86.37 279.6 40 

2 - 4 4.50 15.85 132.25 89.30 217.8 40 

2 - 5 5.00 7.54 140.56 94.91 171.8 40 

 

 

Figure 6. Decrease in redox potential and decrease in Cu in solution 
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4.3 Discussion 

The cementation method was verified in 6 measurements when the pH value of the input samples was adjusted. 

Cementation was performed at a temperature of 40 °C and in one case also at a room temperature of 25 °C. For 

individual measurements, different amounts of the iron precipitant (iron swarf) were added to the samples. 

From all measurements, it is obvious that the greatest efficiency of the cementation process was achieved within 

the first 15 minutes when more than 99% Cu was recovered by cementation. The evolution of this intense reaction 

for all measurements was indicated by an immediate increase in temperature immediately after the addition of Fe. 

Although the cementation process continued to take place during subsequent time intervals, the increase in the Cu 

recovered from the solution was already minimal (only in hundredths of  %). It is also clear from the measurement 

results that the amount of Fe added affects the cementation process when a larger amount of Fe accelerates the 

process but at the cost of higher purchase costs of Fe. The measurement did not confirm the positive effect of the 

initial higher temperature (preheating of the sample) on the evolution of cementation, since the cementation ran 

similarly as in the samples preheated to 40 °C and the sample tested at room temperature of 25 °C. It follows from 

the experiment performed that the most efficient was the evolution of cementation in measurement no. 6 when the 

initial pH value was 1.9, the temperature was 25 °C and the amount of added Fe was 280 g. Cementation performed 

under these conditions was the most efficient both in terms of speed of the cementation process itself, as well as 

from the point of view of the amount of energy supplied and the amount of Fe added. 

The efficiency of the precipitation method for Cu recovery from acidic etching solutions was verified using two 

different precipitants. During the measurement, the influence of the pH value on the amount of recovered Cu was 

monitored, as well as the decrease in the value of the redox potential. In these measurements, the efficiency of Cu 

removal increased with increasing pH. For both used precipitants, the maximum efficiency achieved was 

approximately 95%. The resulting precipitate was poorly filtrable even at the increased temperature. The obtained 

dried precipitate in the sample from one measurement contained a higher chloride content, which represents a 

complication for further downstream processes to obtain pure Cu. 

 

5 CONCLUSIONS 

This study was conducted to verify the efficiency of copper recovery from waste acid baths generated during the 

production of printed circuit boards. In the experimental part, the method of cementation and the method of 

precipitation were practically verified. 

The final discussion shows that the efficiency of both tested methods is high. However, the method of cementation 

using an iron precipitant in the form of a Fe swarf seems to be more efficient. This method achieved almost 100% 

efficiency of Cu recovery from the solution. 

In the case of the precipitation method, the maximum efficiency was 95%. The resulting precipitate was poorly 

filtrable and after drying it contained a higher concentration of substances (chlorides) complicating further 

downstream processes for obtaining pure copper. 

Copper obtained by the cementation method is also not in a pure state and requires further treatment, such as 

mechanical separation of Cu from the surface of the iron precipitant, remelting into anodes and final refining 

electrolysis for obtaining pure copper. The copper thus obtained should be suitable for reuse in production 

processes based on Cu processing. 

According to available information sources, electrolysis is also another suitable method for recovery Cu from 

acidic etching solutions, the great advantage of which is obtaining copper in a pure state. Verification of the 

efficiency of recovery Cu by this method in practice would mean another step toward the implementation of waste-

free technologies in similar production processes as the production of PCB. 
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