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Abstract

Corrosion is an electrochemical phenomenon that involves the deterioration of a metal by
the reaction of itself with its surrounding environment. One of the greatest issues for water utilities
around the country is to keep the water quality safe. Corrosion can affect the quality of the water
that we use on a daily basis by adding a bad taste, increasing the concentration of heavy metals,
and allowing outside contaminants to enter the distribution system. The use of phosphate based
corrosion inhibitors was tested in two different metals: iron and copper. The phosphate in the
inhibitors react with the calcium in the water, creating a coating over the metal, theoretically
preventing it from corroding.

Several tests were conducted using both metals in order to determine the effectiveness of
such inhibitors. It was found that the phosphate content of the inhibitors is directly related to its
effectiveness; the higher the phosphate content, the better the results for both iron and copper.
Also, the inhibitors work better at higher pH, since at low pH the water is more corrosive.

The corrosion indices showed that the water used was very corrosive and aggressive
towards metal, but such indices don’t take into account the use of corrosion inhibitors. Therefore,

further study to develop an index that considers the effect of inhibitors is recommended.
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Chapter 1: Introduction

Corrosion in metallic pipelines is a result of electrochemical reactions between materials
and substances in the environment. In this case, the metal pipe is the material and water is the
substance. This corrosion process chemically oxidizes pipe metals.

One of the greatest responsibilities of all water utilities around the world is to provide good
quality and safe water to the users. For this reason, corrosion of pipeline systems is an issue that
needs to be addressed because of the consequences it can have. The two most important are health
problems to the people exposed to that water, and economic losses by having to replace the pipes.

The damage to public health is the one with the most significant repercussions; corrosion
can affect the quality of the water we drink by increasing the concentration of heavy metals in it.
Likewise, the economic impact of corrosion is to be considered too, since an accumulation of
corrosion can produce leaks in the pipeline which at the same time creates failures in the system,
such as flow losses. According to The American Water Works Association (AWWA), the cost to
water utilities in the U.S. in order to upgrade the water distribution systems is expected to be $325
billion over the next 20 years (Edwards, 2004).

One solution to this problem is adding corrosion inhibitors to the water that goes into the
pipeline system. Corrosion inhibitors help to create precipitates that form thin layers over the
pipelines and in this way, act as a protective layer blocking the interaction of the water with the
metallic pipeline itself. In this study, the inhibitors tested were all ortho-phosphate based inhibitors
and, therefore, a protective layer formed by calcium phosphate was expected to occur.

The goal of this study was to evaluate the effect of concentration of inhibitor on its

effectiveness in two different metals using well water from the El Paso region.



Chapter 2: Literature Review

2.1 CORROSION AND ITS PROBLEMS

Water and wastewater distribution systems are part of the foundation of human civilization.
The first people to realize the importance of water distribution were the Romans and Babylonians,
who developed one of the greatest engineering and scientific contributions in history: why go to
the water if we can make the water come to us (Edwards, 2004).

Pure metals and alloys react electrochemically in a corrosive environment to form a stable

compound, a process wherein it is very common to see metal loss. The stable compound formed

is called corrosion. Iron oxidation in water happens as the following reaction: Fe(sy + H,0(y —
2Fe0s) + Hy 4y while copper oxidation follows the next reaction: Cusy + H,O0y = CuO() +
Hy4) “Corrosion inhibitors reduce the corrosion rate by increasing or decreasing the anodic and/or
cathodic reaction, decreasing the diffusion rate for reactants to the surface of the metal, and
decreasing the electrical resistance of the metal surface” (Bothi Raja, 2008).

It is known that when using phosphate inhibitors, calcium phosphate will precipitate with

free calcium in water as follows: 3Ca(s) + 2(P04) 1) = Caz(PO4)z(s) and if it is used in iron
pipelines, iron phosphate will precipitate in the following way: Fe(s) + (PO4) ) = Fe(PO,) ).
In copper pipelines, copper phosphate will form: 3Cusy + 2(P04) 1) = Cuz(PO4)z(s)

According to the Federal Highway Administration, the direct cost of corrosion in the U.S.
was estimated to be $276 billion per year, and out of the $276 billion, $36 billion is the direct cost
for drinking water and wastewater distribution systems (Edwards, 2004).

Water distribution systems’ pipelines are usually underground where the soil may be
contaminated with several pathogens and/or viruses. Therefore, a small crack in the pipelines due
to corrosion can represent not only a loss in water, but also contamination of the water to be

delivered to the customers.



2.2 CORROSION INDICES

In order to calculate the corrosiveness of water, people developed corrosion indices. Some
of the most common ones are the following: Langlier Saturation Index, Ryznar Stability Index,
Aggressiveness Index, and Larson-Skold Index. The Langlier Saturation Index (LSI) was
developed by Dr. Langlier in 1936 as assessment of the likelihood of water to precipitate calcium
carbonate. Next, John Ryznar established the Ryznar Stability Index in 1944. This index is a
modification of the LSI that takes into account the hardness of the water. Third, the Aggressiveness
Index was created for asbestos-cement pipes. This index is dependent on three parameters: pH,
calcium concentration, and alkalinity. Finally, the Larson-Skold index defines the corrosivity of
water towards mild steel, and since many pipelines are made of steel, this index is useful in this
study. A major limitation of all those indices is that none of them consider the use of corrosion
inhibitors.

One important step in this study was to calculate the corrosiveness of the water to be tested.
The corrosiveness was determined using the previously mentioned indices: Langlier Saturation
Index (LSI), Ryznar Stability Index (RSI), Aggressive Index (Al), and Larson-Skold Index. LSI,
RSI, and Al are indices that estimate the corrosiveness of water by estimating the saturation levels
of calcium carbonate, while the Larson-Skold index is not pH dependent and measures the

interference of chloride and sulfate ions on the solubility of calcium carbonate.

Langelier Saturation Index

The LSI index describes the potential of water to precipitate calcium carbonate. LSI is
dependent on five variables: pH, Temperature, Calcium Hardness, Alkalinity, and TDS. Using

Equation 1 and Table 3.2, the LSI was calculated.

LSI = pH + (Temperature Factor) + (Calcium Hardness Factor) + (Alkalinity Factor) Eq. 1
— (TDS Factor)



Table 2.1: LSI Factors (“Understanding LSI”, 2017)

Temperature | Temperature Calcium Calcium Alkalinity | Alkalinity Total TDS

(°F) factor Hardness Hardness (PPM) Factor Dissolved Factor
(PPM) Factor Solids

32 0 5 0.3 5 0.7 <1000 ppm 12.1
37 0.1 25 1.0 25 1.4 1000 ppm 12.19
46 0.2 50 1.3 50 1.7 2000 ppm 12.29
53 0.3 75 1.5 75 1.9 3000 ppm 12.35
60 0.4 100 1.6 100 2 4000 ppm 12.41
66 0.5 150 1.8 150 2.2
76 0.6 200 1.9 200 2.3
84 0.7 300 21 300 2.5
94 0.8 400 2.2 400 2.6
105 0.9 800 2.5 800 2.9

Ryznar Stability Index

The Ryznar Index can be calculated using equation 2 as follows:

RSI = 2pHs — pH

If the LSI is positive, it means the water is corrosive. On the other hand, if the LSI is
negative, the water is scale-forming.

Eq.2

Where pH is the measured pH and pHs is the pH at saturation in calcite or

calcium carbonate.

If the RS is less than 6.2, the water is scale-forming. If it is between 6.2 and 6.8, the water

is in equilibrium, and for any value of RSI above 6.8, the water is corrosive.




Aggressive Index
Aggressive index (Al) can be calculated following equation 3 and using Table 3.3 shown
below.

Al = pHgcry + C+D Eq.3

Where the factor C is the log base 10 of the calcium hardness expressed as mg/L of Calcium
Carbonate (CaCOs3), and factor D is the log base 10 of the total alkalinity expressed in mg/L as

CaCO:s.

If the aggressiveness index is greater or equal to 12, the water is to be considered as scale
forming. If Al is less than 12 but greater than 10, the water is in apparent equilibrium, and if Al is

less than 10, the water is corrosive.

Table 2.2: C and D Factors for aggressiveness Index

Calcium hardness or Total Alkalinity in mg/Las CaCO3 | Cor D
10 1.00
20 1.30
30 1.48
40 1.60
50 1.70
60 1.78
70 1.85
80 1.90
90 1.95
100 2.00
200 2.30
300 2.48
400 2.60
500 2.70
600 2.78
700 2.85
800 2.90
900 2.95
1000 3.00




Larson-Skold Index

The Larson-Skold index was calculated using equation 4, where all concentrations used are
in meq/L. Also, if the Larson-Skold index is less than 0.8, the chloride and sulfate don’t interfere
with calcium carbonate solubility. If the Larson-Skold index is greater than 1.2, chloride and
sulfate will increase the solubility, meaning higher corrosion will occur. For any value between

0.8 and 1.2 the water is at equilibrium.

- 2—
Larson — Skold = [CU1+[505 ]

[HCO3 1+[C0%] Eq. 4



Chapter 3: Methodology

3.1 WATER SAMPLES

For this study, two different sources of water were used, regular deionized water (DI) and
well water from the El Paso region (Well water). Select water parameters of the well water used

for conducting these tests is shown in Table 3.1 below.

Table 3.1: Well water chemistry (http://www.epwu.org/water/pdf/chemanalysis.pdf)

Parameter Value*
TDS 454
Phenol Alkalinity as <1
CaCOs3

Total Alkalinity as

CaCOs 203
Total Hardness as CaCO3 | 63
Chlorides as Cl 182
Sulfates as SO4 14
Fluorides as F NA
Silica as SiO» NA
Nitrates as NOs3 NA
Nitrites as NO» NA
Phosphates as PO4 0.51
Calcium as Ca 14
Magnesium as Mg 3.9
Sodium as Na 109
Potassium as K 4.5
Iron as Fe <.03
Manganese as Mn NA
pH 7.5

*In mg/L, except pH


http://www.epwu.org/water/pdf/chemanalysis.pdf

3.2 TESTING PROTOCOL

Two different metals: iron and copper were tested using both water sources. Likewise, both
metals were tested with four different inhibitors (Inhibitor A, B, C, and D) at different

concentrations while keeping the same conditions for both specimens.

Testing Phosphate in Corrosion Inhibitors

The first step in testing the inhibitors was to calculate the concentration of phosphate
content. To do so, the following procedure was followed for each single phosphate-based inhibitor.
Four beakers were each filled with 500 milliliters (mL) of DI water, and then each sample
was spiked with a different concentration of inhibitor (e.g., 0-100 mg/L). Next, samples were
mixed for ten minutes to finally measure the phosphate concentration in the water by using HACH

method 8048 (HACH Phosphorus, 2017).

Testing of Iron

Three different tests were conducted using 1” by 2” by 1/8” thick iron specimens. The first
test was to determine the effects of concentration in reducing corrosion and to compare the
effectiveness of the four inhibitors. The second test was conducted to study the behavior of one
specific inhibitor (A) under different conditions such as different concentrations. Finally, the third

experiment was performed to substantiate the results obtained in the second test.

Test number 1 using iron

First, six specimens were each submerged in 200 mL of well water treated with six inhibitor
concentrations (0, 5, 10, 25, 50, and 100 ppm) inside six Erlenmeyer flasks. Then the pH of the
water was adjusted to 7 using 0.5 N sulfuric acid and 1 N sodium hydroxide. The specimens were
left submerged for 24 hours. After 24 hours, a new water sample with the same concentration was
used, always keeping the same iron specimen. After the first, second, third, fourth, and tenth day,
the iron concentration in the water was measured following HACH method 8008 (HACH Iron,
2014) and a HACH spectrophotometer DR 5000. Illustration 3.1 below shows 3 of the specimens

at the end of the first tests after ten days of testing.
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Ilustration 3.1: Iron samples after ten days of testing

Test number 2 using iron

According to the results in section 4.2, inhibitors A and D showed the best performance
in preventing iron from leaching. For this reason, a further study on the behavior of inhibitor A
was conducted. For this experiment, test number 1 was reproduced using only inhibitor A at 4
different concentrations (0, 10, 25, and 50 ppm), and using a beaker instead of an Erlenmeyer
flask. Pictures of the corrosion forming over the specimens were taken using a microscope.
Ilustration 3.2 shows a picture of the corrosion on the specimen treated with 10 ppm of inhibitor

A after one week of testing

Ilustration 3.2: Corrosion in sample treated with 10 ppm of inhibitor after one week

9



Test number 3 using iron

Five specimens were submerged in 250 mL of well water in separate Erlenmeyer flasks.
Each flask was spiked with a different concentration of inhibitor (0, 1, 2, 3, 4, and 5 ppm) then the
pH of the water was once again fixed at 7 using 0.5 N hydrochloric acid and 1 N sulfuric acid.
After that, specimens were left underwater for 24 hours. The phosphate concentration in the water
was measured at time O (initial concentration) and time 24 (final concentration after 24 hours)
using HACH method 8048 (HACH Phosphorus, 2017).

For a better understanding of the chemistry and the reactions happening in the water, the
software Visual MINTEQ (Visual MINTEQ, 2013) was used. In order to corroborate the findings
from Visual MINTEQ, test number 3 was performed. Five iron specimens were placed in five
separate beakers, one specimen per beaker, with 250 mL of a saturated solution of calcium chloride
and sodium phosphate. The specimens were submerged for 24 hours for 7 days, with a new solution
prepared every day. The specimens were inspected daily to track any formation of calcium
phosphate. Illustration 3.3 below shows the growth of the calcium phosphate on three specimens

after being treated for 7 days.

Ilustration 3.3: Iron specimens after the formation of calcium phosphate (Day 7)

After the calcium phosphate layer was formed, the specimens were submerged in five

different beakers containing 250 mL of treated well water with five different corrosion inhibitor

10



concentrations (0, 1, 2, 3, and 4 ppm) and were left mixing overnight on an orbital shaker. The
water solution was replaced approximately every 24 hours, and the iron and phosphate
concentration in the water was measured immediately before the water was replaced following the

HACH methods 8008, and 8048, respectively, and a HACH spectrophotometer DR 5000.

Copper testing

Copper testing was also carried out using 1” by 2” by 1/8” specimens. Two tests were
performed in order to determine the effectiveness of the inhibitor A on copper and a third one
using inhibitor D. The first test was performed to determine a relationship between pH in the water
and effectiveness of the inhibitor. The second test was done to compare the difference in
effectiveness of inhibitor A on copper and iron specimens. Lastly, the third test was conducted to

corroborate that the more inhibitor added, the less copper is leached into the water.

Test number 1 using copper

For the first test, two solutions were used: pure DI water and DI water spiked with 50 ppm
of inhibitor A. The specimens were submerged in five different 250 mL solutions and then, using
sodium hydroxide and sulfuric acid, the pH of the solutions was adjusted to 2.3, 4.0, 6.0, 8.0, and
10.0. Next, after adjusting the pH of the solutions, the specimens were left underwater for
approximately 24 hours, after which time the copper concentration in the water was measured

following HACH method 8506 and using a HACH spectrophotometer DR 5000.

Test number 2 using copper

For copper test number 2, “Test number 3 using iron” was duplicated to form a layer of
calcium phosphate on the copper specimens. The total copper concentration was measured at the
end of each day. This test was conducted for 20 days, 4 days per week. On the non-testing days,
the specimens were left in a vacuum to prevent corrosion from exposure to air. Copper specimens
were inspected using a microscope to track the growth of calcium phosphate. Such growth can be
observed in illustration 3.4 Also, illustration 3.5 shows the setup and some of the equipment used

for this test.
11



Ilustration 3.5: Test number 2 in copper setup

12



Test number 3 using copper

For this test, two untreated copper specimens were submerged in a solution of DI water
with calcium chloride and sodium carbonate. The solution was made to have an alkalinity of 250
mg/L as CaCOs. The solution was then spiked with 250 ppm of inhibitor D, and the copper and
phosphate concentration in the solution was measured daily for about 40 days. After 40 days, one
of the specimens was removed from the solution and was then placed in 250 mL of tap water
while at the same time another untreated specimen was submerged, also in tap water, in order to

compare the difference between an untreated sample and a previously exposed sample.

13



Chapter 4: Results

4.1 RESULTS FOR PHOSPHATE TESTING

All four corrosion inhibitors were tested for orthophosphate at four inhibitor
concentrations: 2.5, 5, 10, and 50 ppm. Inhibitors A and D had the highest concentrations, with
averages values of 37.9% and 45.1% of phosphate, respectively. Table 4.1 shows the results of the

orthophosphate tests for the four inhibitors:

Table 4.1: Mass fraction of o-phosphate concentration in the inhibitors

O-Phosphate Concentration (%)
Conc ppm W-415 TI-2901 TI-2904 TI-3054
25 45% 20% 33% 50%
5 38% 20% 28% 45%
10 36% 14% 31% 45%
50 33% 15% 21% 41%
Average 38% 17% 28% 45%

The values from Table 4.1 were plotted in Figure 4.1 to appreciate the difference in the

mass fraction phosphate content between the four inhibitors.
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Figure 4.1: Mass fraction content of phosphate in the inhibitors
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4.2 RESULTS FOR TEST 1 USING IRON

After testing the inhibitors for 10 days using the uncoated iron specimens, it was confirmed
that the two inhibitors with higher phosphate concentration (i.e. A and D) acted similarly,
decreasing the amount of iron in the water slightly more than the other two inhibitors (B and C) at
concentrations higher than 20 ppmv. In Figure 4.2, it is observed that as the inhibitor concentration
increases and, therefore, the phosphate concentration, the concentration of iron decreases. This
means that the phosphate concentration of the inhibitors is related to the amount of iron leaching.
Therefore, the phosphate in the inhibitors is preventing corrosion. Results for days 1, 2, 3, and 4
are similar to those shown in Figure 4.2 (see Appendix A)

18
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Figure 4.2: Iron concentration in the water at pH 7 after 10 days of testing uncoated
specimens at 5 different concentrations of phosphate.
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4.3 RESULTS FOR TEST 2 USING IRON

Out of the best two inhibitors (A and D), inhibitor A was arbitrarily selected to do further
studies on the relationship between the phosphate concentration and the iron concentration. As
shown in Figure 4.3, the iron concentration in the water decreases with time, meaning that the
longer the specimens are exposed to the inhibitor, the better the results in preventing corrosion. In
addition, it is again observed that the higher concentration of phosphate, the lower the
concentration of iron leached into the water. According to these results, it seems that the phosphate
concentration is precipitating or forming a scale that reduces corrosion in the iron specimens.
Finally, Illustration 4.1 shows the corrosion formed on the specimens, and it is observed that the

one with the higher inhibitor content is less corroded.
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Figure 4.3: Iron concentration over time for uncoated specimens with well water and
inhibitor A
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Iron Plate Sample (0 ppmv) Iron Plate Sample (10 ppmv)

Iron Plate Sample (25 ppmv) Iron Plate Sample (50 ppmv)

Ilustration 4.1: Corrosion of iron specimens after 10 days of testing using inhibitor A
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4.4 RESULTS FOR TEST 3 USING IRON

It was observed that the phosphate concentration in the water was lower after 24 hours in
contact with the uncoated iron specimens. In Figure 4.4, the initial and final phosphate
concentration in the water samples is plotted for each of the four different concentrations. By
conservation of mass, the difference between initial and final concentration was assumed to have

precipitated.
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Figure 4.4: Initial and final phosphate concentration in the water samples
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A chemical equilibrium analysis was performed using the software Visual MINTEQ.
According to the results from the software, the missing phosphate was precipitated as calcium

phosphate. A screenshot of the results is shown in illustration 4.2 below.

Minearal fog IAP Sat. Indeox Stoichiometry and mineral components
(=log 1AP - log Ks)
Arhydrite -5.009 -1.643 1 Ca+2 1 5042
Aragonite -8.017 0.315 1 Cas2 1 Co3-2
Artirite 4064 -5.536 -2 H+1 2 Mg+2 1 Cco3-2
Brucite 12.526 -4.574 1 Mg=2 2 H20 -2 H+1
28.023 2523 3 | Cas2 | 2 | PO43
Ca3PO4)2 (am2) -28.023 0.227 3 Cas2 2 PO4-3
CadPO4)2 (beta) -28.023 0.397 3 Ca+2 2 PO4-3
CadH{PO4)3:3H20(5) -43.515 -0.569 4 Ca+2 1 H=+1 3 PO4-3
CaC03xH20(5) -2.017 0.873 1 Ca+2 1 C03-2 1 H20
CaHPO4{s) -20.457 -1.222 1 Cas2 1 H+1 1 FO4-3
CaHPO4:2H201s) -20.457 -1.502 1 Ca+2 1 H+1 1 FO4-3
Calcite -8.017 0.463 1 Ca+2 1 Co3-2
Dolomite (disordersd) -16.430 0.060 1 Ca+2 1 Mg+2 2 co32
Dolomite {ordered) -16.4380 0.610 1 Cas2 1 Mg+2 2 Co3-2
Epsomite -65.454 -4.337 1 Mg+2 1 504-2 7 H20
FCO3-Apatite -52.508 21.892 5316 | Ca+2 36 MNa+1 44 Mg=2
Fe(OH)2.7C1.3(s) 5715 8.755 2.7 H+1 1 Fe+3 27 H20
Fe2(S04)3(s) -33.166 -35.432 2 Fe+3 3 504-2
Femihydrite 8.387 5687 1 Fe+l 3 H20 -3 H+1
Red text - oversaturation  Blue text - undersaturation Back to main output menu
Green - apparent equilibrium

Ilustration 4.2: Visual MINTEQ results
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Since calcium phosphate was precipitating in the well water and inhibitor solution, new
specimens were submerged in a saturated solution of calcium chloride and sodium phosphate to
help the calcium phosphate precipitation happen faster. A protective layer of calcium phosphate
grew over the iron specimens, reducing the surface area of iron exposed to the water. Illustration

4.3 shows the growth of this layer over time as seen from a microscope.

Illustration 4.3: Calcium phosphate growth on the iron specimens over time
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Fe (mg/L)

After the coated specimens were left submerged in the treated well water, the data obtained
from this test was compared to the data from the uncoated specimens from the previous test. It was
observed that the amount of iron measured in the water after each day was higher for the non-
coated specimens, as expected. Figure 4.5 shows the iron concentration in the water over ten days
for the non-coated and coated specimens at 0 ppmv and 4 ppmv of inhibitor, respectively. The iron
concentration in the uncoated specimens tends to decrease over time, since the calcium phosphate
layer is being formed, while on the coated specimens, the iron concentration tends to increase,

since the calcium phosphate layer is being leached into the water trying to reach equilibrium.

Non coated vs Coated 4 ppm

Non coated vs Coated 0 ppm 1% ¢
......................... Y RSN GURII S
Y S S D S A oy |13 ¢ ? N €
A s - y =-0.3571x + 16.029
y =-0, X+ 16.
g s
E y =0.5368x - 0.2529
3
y =0.5993x - 0.5414
21 2 3 4 5 6 7
Time (Days)
1 2 3 4 5 6 7 @ Non coated ® Coated

Time (Days)
@ Non coated Coated . .
Figure 4.5: Iron concentration for coated

and non-coated specimens at 0 ppmv and 4 ppmv of inhibitor
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4.5 RESULTS FOR TEST 1 USING COPPER

Test 1 using copper was performed using regular DI water and uncoated copper specimens.
For this test, the pH of the solutions was adjusted to five different pH values using 1 N sodium
hydroxide and 0.5 N sulfuric acid. After such test, it was observed that as the pH of the solution
was increased, the copper concentration in the water decreased, meaning that the corrosion goes

down. In Figure 4.6, it is shown that inhibitor A worked better at a pH of 6 or above.

3.5
; \

A
AN

Copper Concentration (mg/L)

0
0 2 4 6 8 10 12
pH
—o— Copper Test (DI Water) Copper Test (DI Water + 50 ppm A)

Figure 4.6: Copper leached at different pH values with and without inhibitor

22



4.6 RESULTS FOR TEST 2 USING COPPER

For this test the copper specimens were treated with a solution of calcium chloride and
sodium phosphate until a protective coating occurred on the specimens just like on the iron
specimens. For these tests the pH of the solutions was also fixed at 7 using 0.5 N sulfuric acid and
I N sodium hydroxide. The copper specimens behaved in a different manner than the iron
specimens in that the copper concentration that leached into the water was fluctuating over time.
It is believed that this was because the calcium phosphate protective layer formed on the copper
specimens was not the same on all of them, and for this reason, the amount of copper leached
varied slightly from day-to-day. Likewise, due to the uneven calcium phosphate coating, the
copper leached by the specimens was higher in the sample being dosed with 4 ppm of inhibitor
than in the sample not being dosed. In Figure 4.7, the fluctuation of the copper concentration is
observed over a period of 20 days. In illustration 4.4, it is shown that the sample used as a blank
is about 90% covered while the specimen used for the 4 ppm dosage has only about 10% of its
area covered. This is due to the uneven coating on the plates cause by the pre-treatment by exposing

the plates to the calcium phosphate solution.

Cuvs Time

0.45
0.4
0.35
0.3
0.25

mg/L)

0.2

Cu (
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0 2 4 6 8 10 12 14 16 18 20
Time (days)

0 ppmv 4 ppmv

Figure 4.7: Copper concentration over time at 0 and 4 ppmv of inhibitor
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0 ppm (Blank)

Ilustration 4.4: Specimens used for 4 ppm and 0 ppm

In addition, the data showed that the amount of phosphate leached from the treated
specimens was decreasing rapidly with time. After 10 days of testing, the phosphate concentration
was about 5 times smaller, as the leaching happened slower. Figure 4.8 shows the leaching of
phosphate in all specimens over a 20 day period. Since the specimens being dosed with 0 ppmv
and 3 ppmv of inhibitor were the ones with more coating after the pre-treatment they behave

similarly, while the specimens with less coating then those three behave the same way.
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Phosphate vs Time in copper specimens
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Figure 4.8: Phosphate leaching from specimens vs time

4.7 RESULTS FOR TEST 3 USING COPPER

After the two specimens were submerged in the DI water containing calcium chloride and
sodium carbonate with an alkalinity of 250 mg/L as CaCOs, and 250 ppm of inhibitor D, it was
observed that a blue precipitation started to form. This precipitation was then found to be cupric
phosphate, and it started to coat the specimens. Figure 4.9 shows the decay of the copper being

leached in the solution over time while the coating was being formed.
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Figure 4.9: Copper leaching from specimens versus time

In order to prove that the cupric phosphate coating was protecting the specimens, one of
the two previously exposed specimens and one with no exposure to phosphate were place in two
Erlenmeyer flasks with tap water. The concentrations of copper and phosphate in the two flasks
were measured every day and it was found that the thin layer of cupric phosphate in the specimens

was being leached into the water day after day.
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4.8 RESULTS OF CORROSION INDICES

After performing the calculations associated with the four corrosiveness indices, it was
determined that all four indices indicated that the water used was corrosive and aggressive towards

the media in contact with it. In Table 4.2, the results for the indices are shown.

Table 4.2: Calculated corrosion indices values for regular well water

Index Value Classification Decision

LSI < O corrosive
LSI -0.91 LSI > 0 scale Corrosive
forming

Ryznar > 6.8
aggressive water
Ryznar < 6.2 scale
forming

Ryznar 9.32 Water is considered very aggressive

Larson- Skold <
Larson- 1.2 corrosion . .
Skold L Larson- Skold > ALl GO

0.8 scale forming

Al<10 corrosive
10<Alk12

Aggressive moderate .

. rately Aggressiv

Index 10.69 corrosion Moderately Aggressive

Al>12 scale

forming
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Conclusions

The results from this investigation indicate that the well water used for this test is
considered highly corrosive and aggressive and, therefore, the use of corrosion inhibitors is
required to prevent or decrease corrosion. Likewise, it was observed that the inhibitors with the
higher phosphate content decreased corrosion more effectively, decreasing corrosion in iron at a
rate of 0.35 mg/L of iron per day when using 4 ppmv of inhibitor, meaning that the phosphate
content is directly related to inhibitor performance. In addition, it was found that the performance
of phosphate-based corrosion inhibitors like the ones tested herein are significantly affected by the
pH of the water where they are being applied, as they will decrease corrosion by about 90% at a
pH of 7.8 or higher.

Furthermore, data showed that phosphate-based inhibitors work by reacting with the
calcium present in water and forming a “protecting layer” that coats the specimens, preventing the
iron and copper from leaching into the water. Moreover, the corrosion indices available do not

take into account the effect of phosphate presence in the water.

Recommendations

Further studies of the effects of phosphate on corrosion is highly recommended in order to
develop a more complete and specific index that takes into account the phosphate inhibitors.

Additionally, a better way of coating the specimens needs to be developed in order to create
a more even coating through all the specimens to be tested in order to reduce the variables so that
more accurate results can be obtained.

Likewise, it is recommended that the water in the distribution systems be above 7.5 to
reduce significantly the corrosion, and to dose about 4 to 5 ppm of inhibitors with about 40% mass

fraction content of phosphate.

28



References

Edwards, M. (2004). Controlling corrosion in drinking water distribution systems: a grand
challenge for the 21st century. Water Science & Technology, 49(2). Retrieved Oct. &
Nov., 2017, from http://wst.iwaponline.com/content/49/2/1

Water Infrastructure Network (2000). Clean and Safe Drinking Water for the 21st Century. A
Renewed National Commitment to Water and Wastewater Infrastructure. Retrieved Oct.
2017, from https://www.iatp.org/files/Clean and Safe Water for the 21st Century.htm

Bothi Raja, P., & Gopalakrishnan Sethuraman, M. (2008). Natural products as corrosion
inhibitor for metals in corrosive media — A review. Materials Letters, 62(1), 113-116.
Retrieved October 15, 2017, from
http://www.sciencedirect.com/science/article/pii/S0167577X07004673#!

Ryznar Stability Index (RSI). (n.d.). Retrieved November 20, 2017, from http://corrosion-
doctors.org/Cooling-Water-Towers/Index-Ryznar.htm

Taghipour, H. (2012). Corrosion and Scaling Potential in Drinking Water Distribution System of
Tabriz, Northwestern Iran. Health Promotion Perspective, 2(1), 103-111. Retrieved July
14, 2017, from https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3963649/.

Understanding LSI: Langelier Saturation Index | Orenda Blog. (2017, October 22). Retrieved
November 20, 2017, from http://www.orendatech.com/langelier-saturation-index/

Koch G, Brongers M, Thompson N. Corrosion Costs and Preventive Strategies in the United
States. Report FHWA-RD-01-156 US Department of Transportation Federal Highway
Administration. 2002.

Visual MINTEQ [Computer software]. (version 3.1; KTH, 2013). Retrieved from
https://vminteq.lwr.kth.se/

HACH (2017). Phosphorus, Reactive (Orthophosphate). Retrieved October 2017
https://www.hach.com/asset-get.download.jsa?id=7639983836

HACH (2014). Iron, Total. Retrieved October 2017, from https://www.hach.com/asset-
get.download-en.jsa?code=55608

HACH (2017). Copper. Retrieved October 2017, from https://www.hach.com/asset-
get.download-en.jsa?code=55593

Langelier and Aggressive Indices [PDF]. (n.d.). Retrieved October 2017 https://stpng.com/wp-
content/uploads/2014/08/Langelier-index.pdf

Sawyer, C. N., McCarty, P. L., & Parkin, G. F. (2007). Chemistry for Environmental
Engineering and Science. Boston, Mass.: McGraw-Hill.

29


http://wst.iwaponline.com/content/49/2/1
https://www.iatp.org/files/Clean_and_Safe_Water_for_the_21st_Century.htm
http://www.sciencedirect.com/science/article/pii/S0167577X07004673
http://corrosion-doctors.org/Cooling-Water-Towers/Index-Ryznar.htm
http://corrosion-doctors.org/Cooling-Water-Towers/Index-Ryznar.htm
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3963649/
http://www.orendatech.com/langelier-saturation-index/
https://vminteq.lwr.kth.se/
https://www.hach.com/asset-get.download.jsa?id=7639983836
https://www.hach.com/asset-get.download-en.jsa?code=55608
https://www.hach.com/asset-get.download-en.jsa?code=55608
https://www.hach.com/asset-get.download-en.jsa?code=55593
https://www.hach.com/asset-get.download-en.jsa?code=55593
https://stpnq.com/wp-content/uploads/2014/08/Langelier-index.pdf
https://stpnq.com/wp-content/uploads/2014/08/Langelier-index.pdf

Appendix A

Results from test 1 using iron at days 1, 2, 3, and 4.
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Figure A.1: Iron concentration in the water at pH 7 after 1 day of testing uncoated
specimens at 5 different concentrations of phosphate.
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Figure A.2: Iron concentration in the water at pH 7 after 2 days of testing uncoated
specimens at S different concentrations of phosphate.
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Figure A.3: Iron concentration in the water at pH 7 after 3 days of testing uncoated
specimens at 5 different concentrations of phosphate.
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Figure A.4: Iron concentration in the water at pH 7 after 4 days of testing uncoated
specimens at S different concentrations of phosphate.
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