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Abstract 
 

Copper pipes corrosion that transport potable water can deteriorate water quality within a distribution system, releasing 
high copper amounts, exceeding the maximum concentration copper for potable water standards. This study examines the 
influence of free chlorine on the leaching of copper in the pipes used for the distribution of drinking water. A series of 
tests was carried out using corrosion test coupons extractable constructed of copper material. The coupons were installed 
in units containing filtered water (without chlorine, 0 mg/L) and water treated with an average residual chlorine 
concentration of 0.85 mg/L in the water treatment plant in Azogues city, Ecuador. A corrosion test rack was also installed 
in a house with an average residual chlorine concentration of 0.37 mg/L. Coupons in these sites were exposed in 
duplicate for one, two, three and six months. The corrosion coupons were then extracted and weighed to establish the 
corrosion rate by gravimetric technique. Additional tests were performed in static immersion laboratory tests using 
drinking water with chlorine concentrations ranging from 0.25 to 5 mg/L for one month. The weight loss tests indicated 
that an increase in free chlorine concentration, the greater release of copper and therefore a higher corrosion rate. 
 
Keywords: Coupon tests; Corrosion; Disinfectant; Pipelines; Water quality. 
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1. Introduction 
 
The drinking water quality can be affected during its 
distribution, due to various factors, such as the erosion of the 
material with which the pipes are built, the sediments 
accumulation, the biofilms formation [1, 2]. For many years, 
research has been carried out to reduce or mitigate these 
problems that affect water quality [2]. Researchers have 
focused on the variables that favour or inhibit the 
distribution system deterioration and its direct relationship 
with the pipe material wear [1, 3, 4]. Corrosive processes in 
new (newly installed) and old metal pipes with several years 
of operation have been reported by numerous studies on 
water supply worldwide [5, 6]. The characteristics of the tap 
water can vary depending on the conditions of the pipes 
through which it flows [7]. Water quality distributed in the 
buildings is governed by disinfection treatments, which 
includes the chlorine addition, which allows the presence of 
residual chlorine [8]. Chlorine is widely used for its strong 
oxidizing action as a disinfectant to inactivate microbial 
contaminants in water purification processes [9, 10]. Water 
supply systems aim to maintain at least a minimum level of 
residual chlorine, in order to prevent a possible microbial 
regrowth and the spread of waterborne diseases [11]. 

However, the presence of disinfectant excessive levels can 
cause negative effects to the consumers health and be an 
important factor that accelerates the pipes corrosion [12, 13, 
14]. 
 Nowadays copper is widely used for various uses, among 
them for the pipes manufacture to transport drinking water 
[15, 16] due to its excellent properties, such as thermal and 
electrical conductivity, good resistance to corrosion and 
antimicrobial activity, as well as their formability [17, 18, 
19]. However, Atlas et al. (1982) [20] showed that free 
chlorine is the main cause for copper pipes corrosion in 
chlorinated domestic water supplies. Poor water quality, 
caused by the high chlorine content and low pH level, causes 
accelerated pitting corrosion in copper pipes that induce a 
chemical attack that forms cuprite, sulphates and chlorides 
scales [21]. 
 Corrosion caused by poor water quality or high levels of 
residual chlorine produces a decrease in the strength of the 
pipe structure and consequently a subsequent failure [22]. 
Copper corrosion caused by water chemistry results in the 
release of copper into drinking water [23]. High levels of 
dissolved oxygen in the water contribute to the corrosion pits 
increase in the pipes [24]. Chemical deficiency of water can 
cause the release of certain heavy metals (for example, Pb, 
As, Cu, Fe, Mn) putting the health of consumers at risk [9, 
10, 25] Development of passivation or solid phase 
immobilization on the surfaces of copper pipes, depends 
mainly on the water chemistry [2, 26]. The formation of 
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copper oxide (I) layer on the surface of the tube is important 
to cope with the pipe corrosion in hot synthetic water, due 
the copper is less soluble at elevated temperatures [27, 28]. 
Corrosion that occurs in the pipes that transport potable 
water can cause adverse effects on water quality and serious 
failures in the infrastructure of the supply network [29]. The 
'superchlorination' can corrode the new metallic pipes 
rapidly, causing a high copper release in the water and a 
rapid reduction of the residual chlorine levels [30]. The 
considerable costs associated with water losses and 
eliminating faults have prompted research into corrosion 
processes and causes [31]. Coupons provide a viable 
technique to determine the corrosion rate caused by water in 
supply networks without affecting the system integrity [32]. 
Coupons can be installed directly into distribution system 
for a specific time to later evaluate the corrosion rate related 
to a metal under study; this technique allows to obtain a 
good level of corrosion estimation, at the same time it allows 
to visualize metal morphology [33, 34]. 
 When coupons are used, the corrosion rate is evaluated 
by determining the mass loss per unit area of the coupon, 
once it has been left installed in the water supply line for a 
fixed time [35]. It is suggested that the minimum duration of 
any corrosion test study is six months, this will allow 
development corrosion scales [36]. Slavickova et al. (2013) 
[37] found that using corrosion coupons to monitor corrosive 
processes during the treatment and supply of drinking water 
allowed optimal water conditions and residual chlorine 
levels adequate to be established, so that measures can be 
taken to stop the corrosive process [38]. The tests to evaluate 
the corrosion rate using coupons, is a simple technique quite 
used, has its principle in the accurate measurement of the 
mass decrease of the metal coupons of interest [39, 40]. 
These tests can be carried out by installing coupons on a 
corrosion test rack (dynamic immersion) or a laboratory 
(static immersion); after a certain time, the mass loss 
provides data to establish the corrosion rate of metal. The 
corrosion rate can be expressed in English units as mils per 
year (mpy) or SI units as millimeters per year (mm/y). There 
are several standards for such tests, but the most used 
methods are those recommended by ASTM (2003) [41]. The 
exposure times most commonly used in this type of tests is 
one, two or three months [42], whereas Finsgar (2013) [43], 
Galik et al. (2015) [34] and Fateh et al. (2017) [38] suggest 
that the exposure time of the coupons into water should be 
six months. During the first hours or days of metal exposure 
to water, the corrosion rate is very high, with the passage of 

time, this corrosion decreases until the metal surface 
acquires passivation [44]. 
 The aggressiveness of the water in Azogues, Ecuador 
was defined using the Langelier, Ryznar Puckorius indexes 
[45, 46]. In the calculation of these indices, other parameters 
that can also influence the corrosive processes were not 
included. This work aims to investigate the influence of 
residual chlorine concentration in the copper pipe corrosion 
mechanisms that transport drinking water in the homes of 
Azogues. 
 
 
2. Materials and methods 
 
2.1 Study area description 
Three corrosion tests were performed: (i) coupon addition at 
the water treatment plant administered by the Municipal 
Company EMAPAL in Azogues, Republic of Ecuador, 
located at 2°44'22’ S, 78°50'54’ W.  (ii) a corrosion test rack 
implementation in a house, to determine the corrosion of 
copper caused by water with a lower chlorine concentration 
than that presented in the treatment plant. (iii) static 
immersion in stagnant water at the EMAPAL treatment plant 
laboratory, with different concentrations of chlorine. The 
free chlorine concentration was in the treatment plant 
(filtration 0 mg/L and storage tanks 0.85 mg/L); in the house 
(corrosion test rack 0.37 mg/L). The water used for all the 
trials was the same drinking water that is distributed in the 
Azogues city, whose physicochemical characteristics were 
presented by [45]. 
 
2.2 Preparation of corrosion coupons, corrosion coupon 
holder and corrosion test rack 
The corrosion surface coupons were prepared in accordance 
with ASTM G1-03 and NACE TM 0169-2000 (33). Copper 
coupons of 8-cm length, 1.2-cm width, 1-mm thickness and 
containing a 5-mm diameter hole for support, as shown in 
Fig. 1a. The coupon holder (Fig. 1b, Fig. 1c) was made from 
1.25 cm diameter semi-crystalline polyamide materials and 
was 7.62 cm long to hold the coupon installed on the 
corrosion test rack. The corrosion test rack was used for the 
aforementioned test ii. The copper coupon was fastened by 
means of a nut and screws made of Grilon to avoid galvanic 
effects (ASTM, 2012) [47]. The corrosion test rack was 
made of PVC piping with horizontal sections of 40 cm and a 
vertical section of 10 cm (Fig. 1d). The test rack was 
installed directly to the distribution system in the house so 
the use of water was constant (Eisnor y Gagnon, 2003) [36]. 

 

 
Fig. 1. (a) copper coupon, (b) coupon holder, (c) coupon holder with coupon, and (d) corrosion test racks 
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2.3 Corrosion tests 
All coupons were prepared properly, for which, they were 
sanded dry with 800-grit abrasive paper, degreased using 
acetone, then washed using bidistilled water, then dried in a 
laboratory oven. Finally, they were weighed using a 
precision analytical balance and installed immediately in the 
aforementioned units [48, 49, 50]. 
 
2.3.1. Implementation of corrosion controls in the 
treatment plant 
Ten copper coupons were immersed in the area after 
filtration and before the chlorination process in such a way 
that the controls were in contact with water without chlorine. 
Additionally, ten coupons were placed in the storage tanks 
located downstream from chlorination. The average free 
chlorine concentration in these storage tanks was 0.85 mg/L. 
Coupons were installed for a period of one, two, three and 
six months following the recommendations by Baboian 
(2005) [42], Galik et al. (2015) [34] and Fateh et al. (2017) 
[38]. For reproducibility, each test was performed in 
duplicate [51]. To minimise changes in the coupon 
composition, the coupons were suspended with nylon thread 
in the channel after filtration and in the storage tank [49]. 
After each trial period, the coupons were removed in 
accordance with the ASTM Standard G1-03 [41] for the 
cleaning and evaluation of corrosion coupons. They were 
dried with hot air before being weighed to obtain their final 
weight [37]. 
 
2.3.2 Implementation of the coupons in the corrosion test 
rack 
Similarly, ten coupons were installed in corrosion coupon 
racks for a period of one, two, three and six months. Each 
coupon was weighed, placed in a coupon holder and then 
carefully installed in a corrosion test rack to ensure that 
water flowed from the coupon holder to the tip of the 
coupon. The coupons were oriented with the face wide in 
vertical position to avoid particle accumulation, which could 
accelerate corrosion (ASTM, 2005) [52]. Each test was 
performed in duplicate. At the end of the exposure period, 
the coupons were removed from the corrosion coupon rack, 
dried and cleaned following the chemical cleaning procedure 
described in Standard G1-03 (ASTM, 2003) [41]. A final 
weight measurement was taken and the corrosion rate in mils 
per year (mpy) was calculated using Equation 1. 
 
2.3.3. Static immersion test 
Calcium hypochlorite solutions were prepared in order to 
obtain residual chlorine concentrations of 0.25 mg/L, 0.5 
mg/L, 0.75 mg/L, 1 mg/L, 2 mg/L and 5 mg/L (Fig. 2). 
Potable water was used for consistency [8]. Residual 
chlorine levels were measured using the HACH DR/890 
colorimeter DPD method [53]. Chlorine solutions were 
prepared in 250 mL beakers, into which pre-weighed copper 
coupons were placed. The solutions were changed by using 
the emptying and filling protocol. Low concentrations 
solutions were changed every 48 and 72 hours [3] and high 
concentrations solutions were changed every 96 hours to 
represents the average stagnation period observed in various 
buildings, schools and offices [16]. This trial had a 30-day 
exposure time. The initial and final copper concentrations 
were measured at each solution change using an HACH 
DR/2500 Spectrophotometer [3]. 

 
Fig. 2. (a) coupons submerged in 0.25, 0.5, 075, 1.0, 2.0, 5.0 mg/L 
chlorine solutions and  (b) coupon immersed in 250 mL of solution 
 
 
2.4 Determination of the corrosion rate 
The corrosion rate was calculated in mils per year (mpy), 
utilising the weight loss method [54, 55] , in accordance 
with ASTM G1-03 [42, 50, 56]: 

CR =
K W
A t D                                                                (1) 

 
 Where CR is the corrosion rate (mpy), K is the corrosion 
rate constant (3.45x106), W is the coupon weight loss (g), A 
is the coupon area (cm2), t is the exposure time (h) and D is 
the copper density (8.94 g/cm3) (ASTM G1, 2003) [41] . The 
corrosion rate obtained from the Equation 1 represents the 
annual average corrosion expressed in mmpy, these values 
can be compared with the values of Table 1 that presents 
corrosion rates in mmpy for copper and copper alloys 
(Baboian, 2005) [42]. Ranges that have high values will 
indicate a greater presence of the corrosive process in copper 
pipes. To convert from mils per year (mpy) to millimetres 
per year (mm/y), multiply by 0.0254. 
 
Table 1. Qualitative classification of corrosion rates in 
mm/y for copper and copper alloys 

Corrosion rate (mm/y) Description 
0–0.003 Negligible or excellent 
0.003–0.006 Mild or very good 
0.006–0.009 Good 
0.009–0.0125 Moderate to fair 
0.0125–0.03 Poor 
>0.03 Very poor to severe 
 
 
3. Results and discussion 
 
3.1 Mass loss analysis 
The difference between the initial and final weight for each 
coupon at different exposure times is presented in Table 2; 
the weight variation was shown to have a direct relationship 
with the chlorine concentration for the different exposure 
times (Fig. 3).  

 
Fig. 3. Coupons weight loss in mg 
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 Coupons tended to lose more weight when placed in 
water with higher chlorine concentrations. An analysis of 

variance was carried out using the F test (α= 0.05). The 
Fcalculate was much higher than the Ftable value so the null 
hypothesis is rejected; thus, the weight loss is greater in the 
coupons exposed to higher residual chlorine levels. 

 
Table 2. Coupon weight loss in mg/L on the concentration of residual chlorine and exposure time 
Site Cl2 residual (mg/L) 30 days 60 days 90 days 180 days 
Filtration 0 6 .80 12.9 18.25 33.60 
Corrosion test racks 0.37 12.00 16.9 32.10 39.95 
Storage tank 0.85 34.65 50.1 73.30 84.30 
 
 
These results are consistent with those obtained by other 
authors. Higher concentrations of free chlorine have been 
shown to produce greater copper dissolution, especially at 
low pH [20]. Copper by-product release was higher in 
buildings with high levels of Cl2 [57]. Furthermore, high 
chlorine concentrations were shown to correlate with an 
increase in the release of copper by-products [3]. 
 

3.2 Effect of chlorine on the corrosion rate 
The effect of chlorine on the corrosion rate was studied by 
weight loss method in the range of 0.25 to 5 mg/L Cl2 in 
static immersion tests and in the range from 0.0 to 0.85 mg/L 
Cl2 in dynamic tests with continuous flow of water. The 
corrosion rate for each exposition period, calculated via 
Equation 1 using the weight loss of the coupons, is presented 
in Table 3.  

 
 
Table 3. Corrosion rate in mpy depending on the concentration of chlorine and exposure time 
Site Cl2 

(mg/L) 
30 days 60 days 90 days 180 days 

Filtration (WDTP) 0 0.17 0.16 0.15 0.14 
Corrosion coupon racks (domicile)  0.37 0.30 0.21 0.27 0.17 
Storage tank 0.85 0.88 0.63 0.62 0.36 
 
 As shown in Fig. 4, the corrosion rate for each exposure time was minimal at 0 mg/L of chlorine in water; in the storage 
tank, which has a Cl2 concentration of 0.85 mg/L, the 
corrosion rate was higher. Thus, an increased chlorine 
concentration leads to an increase in the rate of corrosion. 
Additionally, the copper coupons experienced a higher 
corrosion rate in the first 30 days of exposure for all chlorine 
concentrations. As the exposure time increased, the 
corrosion rate decreased. Therefore, at a steady Cl2 
concentration, the corrosion rate decreases as the exposure 
time increases. 
 The coupons were placed in the coupon racks from the 
month of April, removing the coupons in July corresponding 
to the 90 days. According to García et al. (2018) [46] in the 
month of July decreases the levels of certain parameters such 
as pH, alkalinity, hardness, which increases corrosion. 
Therefore, the increase in corrosion rate at 90 days 
compared to 60 days is due to the water quality conditions 
mentioned above [46]. Additionally, it should be mentioned 
that the concentration of residual chlorine in the domicile 
was an average value (0.37 mg/L), presenting Cl2 values 
slightly above average during the third month of the trial. 
 The decrease in the corrosion rate in the storage tank 
after 180 days may be due to the passivation occurring, 
forming a protective surface layer, presenting resistance to 
corrosion. The weight loss in the coupon at 180 days 
compared to 90 days is not very large, which used in 
equation 1 and with a double time of contact of the metal 
with water, a small corrosion rate is obtained. 
 Performance of an F test (a = 0.05) analysis of variance 
revealed that the Fcalculated was much higher than the Ftable 
value and the p value obtained was < 0.05. Thus, increased 
free chlorine concentration in water increased the corrosion 
rate in the copper coupons. These results are consistent with 
those obtained by other authors, including [8, 21, 58, 59]. 
Baboian (2005) [42] found that corrosion rates of copper and 
copper-based alloys above 0.013 mm/y (0.5 mpy) is unsafe. 

Thus, the pipes studied here were not subject to an excessive 
corrosion rate. However, during their first year of operation, 
new pipes can be affected if they are exposed to a residual 
chlorine concentration close to 0.8 mg/L, in this case, the 
houses next to the distribution tanks. 
 

 
Fig. 4. Copper corrosion rate versus free chlorine concentration 
 
The corrosion rate variation over time is shown in Fig. 5. At 
chlorine concentrations of 0 and 0.37 mg/L, the corrosion 
rate remained nearly constant after 180 days of exposure. As 
the exposure time increased, the corrosion rate became more 
constant; this can be attributed to the formation of a 
protective film on the material surface, giving rise to metal 
passivation. The passivation process has been related to the 
formation of a copper (I) oxide layer (Cu2O, cuprite) and 
another layer of copper (II) oxide (CuO, tenorite) [24, 30]. In 
spite of this, the corrosion continues, possibly because the 
formed film is non-adherent and conductive, allowing the 
passage of electrons. 
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Fig. 5. Copper corrosion rate versus exposure time 
 
3.3 Copper release 
The initial and final copper concentrations in the water are 
shown in Table 4. By-product release was more dependent 
on the chlorine concentration than on the exposure time as 
shown in Fig. 5. 
 
Table 4. Variation of Cu dissolved for each Cl2 
concentration 
Concentration Cl2 
(mg/l) 

Average initial Cu 
(µg/l) 

Average final 
Cu (µg/l) 

0.25 34.39 182.71 
0.50 42.08 185.09 
0.75 46.79 190.03 
1.0 31.06 208.99 
2.0 36.85 301.36 
5.0 49.29 331.91 

 
 For chlorine concentrations between 0.25 to 5 mg/L in 
water, a considerable variation in the dissolved copper 
concentration occurred (Fig. 6). At chlorine concentrations 
of 2 mg/L and 5 mg/L, a greater copper release was 
generated. Chlorine concentrations between 0.3 to 0.7 mg/L 
are commonly found in the drinking water distribution 
network [45]; at this range, the copper concentration 
released is in the range of 180 to 220 µg/L, which is within 
the dissolved copper limits recommended by WHO (2004) 
[60]. 

 
Fig. 6. Copper corrosion rate versus residual chlorine concentration 
 
3.4 Cumulative copper changes 
Copper release trends were compared by summing the 
amount of copper (mg Cu/L) released during the entire 
exposure time (Fig. 7).  

 

 
Fig. 7. Impact of residual chlorine on the cumulative concentration  of 
copper released during the static immersion test. 

 
 

 At a chlorine concentration of 5 mg/L, 2.31 mg Cu/L 
was released into water after 30 days. The increase in the 
cumulative copper release was rapid and almost linear 
throughout the trial. At lower chlorine concentrations, 
between 0.25 and 0.75 mg/L, a lower amount of copper was 
released. 
 
3.5 Surface analysis of copper coupons 
Samples aged with calcium hypochlorite concentrations of 1, 
2 and 5 mg/L showed greater pitting corrosion after 30 days 
of exposure, while samples aged with 0.25, 0.5 and 0.75 
mg/L showed less pitting corrosion, wells are observed on 
the exposed surface (Fig. 8). As mentioned by Castillo 
Montes et al. (2014) [8], an incubation period in the residual 
chlorine presence is needed to detect pitting corrosion in the 
copper pipe.  
 
A visual examination showed holes and discoloration in the 
coupons at the end of the tests. Fig. 9 shows the copper 
metallography at different immersion times (a) under 
filtration (b) in a storage tank and (c) in corrosion test racks. 
Fig. 9 (a) shows a change in the coloration in certain areas of 
the coupons; this may be due to corrosion by the chlorine. 
An uneven layer of tenorite was observed on the surface of 
the pipes exposed to filtered water without chlorine. Signs of 
pitting corrosion were observed. At 180 days, the surface of 
the copper was coated with a relatively uniform light blue 
layer. Fig. 9 (b) shows a dark coloration, typical of a copper 
oxide such as Cu2O [16]. The impact of chlorine on the 
surface is evident. Coupons exposed to the higher chlorine 
concentration in the storage tanks contained deeper cracks in 
those in corrosion test racks did. At a chlorine concentration 
of 0.37 mg/L, a dark brown layer was observed that covered 
the plate (Fig. 9b). This thin layer can be copper oxide 
(tenorite), which is related to the process of passivation of 
the corrosive process. 
 In Fig. 9 (c), the copper coupons were covered with 
brown corrosion products. After 180 days of exposure to a 
chlorine concentration of 0.85 mg/L, localised degradation 
in the form of circular pits were observed. The surface of the 
coupons was covered with brown corrosion products and a 
few shallow and wide wells were observed at 90 and 180 
days. Green corrosion products were visible at the bottom of 
the wells. Calcium hypochlorite may also influence copper 
deterioration, as previously suggested by Castillo Montes et 
al. (2014) [8].  
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Fig. 8. Visual examination of the surface of the copper coupons after the static immersion test for each chlorine concentration 
 
 The results of this study indicate a significant influence 
of residual chlorine on copper corrosion. Chlorine is an 
important oxidizing agent responsible for the copper 
corrosion [20, 61]. It would be interesting to conduct a new 
study in which dissolved oxygen is included. 
 This research suggests that water suppliers can use 
relatively simple copper coupons to examine the effects of 
residual chlorine on copper pipes that carry potable water, 

determine the tendency of water to induce pitting, and 
determine the amount of copper released from the pipes. 
Water suppliers who use chlorine as a disinfectant can use 
this information to analyse the localized corrosion that can 
occur in copper pipes. A combination of water quality 
variables in which residual chlorine is included is often the 
cause of the corrosion problem of copper pipes used in 
plumbing. 

 

 
Fig. 9. Image of corrosion of the copper coupons 
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4. Conclusions 
 
This study demonstrates that by means of a simple and low-
cost technique, such as the use of coupons, the effects of 
residual chlorine on copper pipes carrying potable water can 
be examined. Allowing to determine the tendency of the 
water to induce pitting, as well as to determine the amount 
of copper released from the pipes. The findings of this 
investigation showed that corrosion of copper pipes with 
residual chlorine concentration greater than 1 mg/L was 
favoured. The copper corrosion and residual copper rates 
predicted by the developed test was qualitatively consistent 
with the visual results observed on the plates after the 
observation periods. The results suggest that the presence of 
free chlorine, commonly used for the disinfection of 
drinking water, causes an increase in dissolved copper in the 
drinking water. While it is desirable for protection against 
bacterial regrowth, free chlorine can stimulate copper 
corrosion in the plumbing materials. The copper 
concentration in drinking water is mainly determined by the 
chlorine dose and contact time. Water with a high free 

chlorine content more easily dissolves metal pipes; thus, free 
chlorine concentrations should be controlled to effectively 
reduce copper pipe corrosion. 
 This study was limited to new copper pipes (not aged) 
and water quality of the supply system under study. Still, 
copper concentrations in drinking water distribution systems 
were shown to be related to the free chlorine concentration. 
In particular, the coupon corrosion tests reasonably predicted 
the effect of chlorine on copper solubility. The copper pipes 
used in the water distribution system in Azogues were not 
found to be subject to an excessive corrosion rate. 
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