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[Abstract] Iron oxidation, known as rust formation, causes enormous loss in term of property
damages and associated economic risks. Depending on the degree of formation, rust consists
of several layers of iron in different oxidation states. The brownish top layer is mostly iron (III)
oxide-hydroxide [FeO(OH), Fe(OH)3] while the deepest black layers possess iron oxide
(Fe2O3.nH2O). The flaky nature of surface rust meditates diffusion of oxygen and water to inner
material sections which can lead to total disintegration of iron mass. As a result, it is desirable
to remove rust and protect fresh surface from oxidizers. The common rust removal reagents
are mainly based on complex formation of ferric ion with organic and inorganic acids such as
citric acid, oxalic acid, and phosphoric acid. Rust removal ability is typically a qualitative
observation which makes direct comparison between treatment options cumbersome if not
impractical. In our recent work (Ahmadi et al., 2015), we have developed a colorimetric assay
to measure ferric concentration in rust removal treatment media using a bacterially-produced
siderophore (yersiniabactin) in comparison to a commercial rust removal reagent. In this
approach, ferric concentration is correlated to the mass of rust being dissolved in the presence
of different removal agents. This assay is based on a modification of the 1, 10-phenanthroline
assay (Skoog and West, 1979) to enable detection using a 96-well plate format for higher
throughput screening and assessment.

Materials and Reagents

1. Rusted iron samples
2. 1,10-phenanthroline (Sigma-Aldrich, catalog number: 131377)
3. Hydroxylamine hydrochloride (Sigma-Aldrich, catalog number: 159417)
4. Ammonium acetate (Sigma-Aldrich, catalog number: 09689)
5. Ammonium iron (II) sulfate hexahydrate (Sigma-Aldrich, catalog number: 09719)
6. Oxalic acid (Sigma-Aldrich, catalog number: 241172)
7. High pure water (Milli-Q)
8. 0.3% 1,10-phenanthroline (wt/vol) (see Recipes)
9. 1% hydroxylamine hydrochloride (wt/vol) (see Recipes)
10. 0.1 M Ammonium acetate (see Recipes)
11. Ammonium iron (II) sulfate hexahydrate standard solution (see Recipes)
12. 10% Oxalic acid (wt/vol) (see Recipes)
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Equipment

1. MaxQ™ 4000 Benchtop Orbital Shakers (Thermo Fisher Scientific, catalog number:
SHKA4000)
2. Biotek Synergy 4 microplate reader
(http://www.biotek.com/resources/articles/hybrid-plate-reader.html)
3. (Preferred) Milli-Q (Millipore) water purification system
4. (Optional) Vertical Band Saw (for machine-generated iron samples)

Procedure

A. Rust removal experiment
1. (Optional) Machine cut the rusted iron samples (~1” x 1”).
2. Clean the metal surface by washing it with acetone three times (50 ml total), rinse with
excess high pure water, and air dry for 20 min.
3. Insert the cleaned samples in an appropriate container (e.g., 50 ml centrifuge tube).
4. Add the rust removal agent and then immediately submerge the sample in high pure
water. The final volume should be recorded (V1).
5. Put the tubes in shakers at 100-200 rpm.
6. Collect 100 μl samples every 30 min for the desired time period (our test periods have
ranged from 15 min to 2 h).

B. Remaining rust removal experiment
1. Remove the metal sample and rinse it with pure water several times.
2. Immerse the washed samples in a known volume (V2) of 10% (wt/vol) oxalic acid
solution.
3. Shake at 100-200 rpm for 30 min.
4. Collect 100 μl of sample.
C. Iron (II) calibration curve
1. Add 40 μl of 1, 10-phenanthroline solution (0.3% wt/vol), 40 μl of hydroxylamine
hydrochloride solution (1% wt/vol), and 40 μl of ammonium acetate (0.1 M) to each
well of a 96 well plate.
2. Add the iron (II) working solution: 0, 10, 20, 30, 40, 50, and 90 μl to wells containing
the above mixture and adjust the final volume to 250 μl with high pure water [the iron
(II) concentration will be 0, 1, 2, 3, 4, 5, and 9 mg/L, respectively]. Repeat twice more
to produce triplicate curves.
3. Mix thoroughly via pipetting up and down 3 times. Allow the solutions to stand for 20
min to fully develop color.
4. Measure the absorbance at 510 nm.
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5. Plot the calibration diagram and fit the best linear curve (Figure 1).

Figure 1. The developed colorimetric assay. Increasing concentration of Fe (II) from
zero to 10 ppm (row A and B) increases the absorbance at 510 nm linearly. Row C
includes treatment samples at different time points and remaining rust after treatment
with oxalic acid.

D. Ferric content in rust removal treatment and total rust
1. Dilute the collected samples to obtain iron ion in a range of 1 to 10 ppm or alternatively
add serially diluted samples. We usually dilute our metal samples 100-400 times.
Record the dilution factor (D1 for samples and D2 for total rust).
2. Add 20 μl of diluted samples to the 96 well plate mixture of 1,10-phenanthroline
solution (40 μl of 0.3% wt/vol), hydroxylamine hydrochloride solution (40 μl of 1%
wt/vol), and ammonium acetate (40 μl of 0.1 M). Adjust the volume to 250 μl per well
with high pure water.
3. Mix thoroughly via pipetting up and down 3 times. Allow the solutions to stand for 20
min to fully develop color.
4. Measure the absorbance at 510 nm.
5. Use the calibration curve to calculate the concentration (C1 for samples and C2 for
total rust). Consider the dilution of samples in the total well volume
times.

E. Calculation
1. Removed rust (mg):

2. Remaining rust (mg):

3. Rust removal (%):

𝑅𝑅 = 𝐶𝐶 × 𝑉𝑉 × 𝐷𝐷

𝑅𝑅2 = 𝐶𝐶2 × 𝑉𝑉2 × 𝐷𝐷2
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Representative data

The following are typical data resulting from the rust removal protocol:

Table 1. Protocol results for a commercial rust remover (Rust-Oleum)
Parameter Absorbance at Absorbance Concentration Concentration Removed
510 nm after at 510 nm using

using

rust

calibration

removal after

experiment

remaining

calibration

curve for rust curve

rust (mg)

remaining rust

remover

experiment

removal

(C1, mg/L)

experiment

experiment

removal
(%)

removal

60 min)

rust (mg)

for

(200 μl of rust rust
for removal

Remaining Rust

(C2, mg/L)
Sample 1

0.66

0.45

4.48

3.10

56.00

58.12

49.10

Sample 2

0.68

0.43

4.61

2.81

57.62

53.69

51.76

Sample 3

0.67

0.51

4.51

3.39

56.37

63.75

46.92

Dilution factor (D1 and D2): 1,250 times; Treatment volume for rust removal experiment
(V1): 10 ml; Treatment volume for remaining rust removal experiment (V2): 15 ml.

Figure 2. Visual examples of metal samples treated with rust removal agents.
Metal samples before treatment (A), after 2 h of treatment with a commercial rust
removal agent (B; Rust-Oleum) and after thirty minutes treatment with 10% oxalic acid
(C).

Notes

1. A rusted iron sample was obtained from the University at Buffalo School of
Engineering and Applied Sciences machine shop. Alternatively, rusted carbon steel
can be prepared by spraying samples with acid (i.e., 100 mM HCl) and allowing
subsequent air exposure for three hours.
2. Instead of using oxalic acid solution (10% wt/vol), it is possible to use Clark’s solution
to remove rust from steel. The solution is prepared as 2% Sb2O3 (wt/vol) and 5% SnCl2
(wt/vol) in concentrated HCl (100 ml) at room temperature with constant stirring (Moller
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et al., 2006). However, we have found using oxalic acid solution to be more convenient
and equally suitable.

Recipes

1. 0.3% 1,10-phenanthroline (wt/vol)
Dissolve 30 mg in minimum amount of methanol (~200 µl) and adjust the volume to 10
ml with high pure water
2. 1% Hydroxylamine hydrochloride (wt/vol)
Dissolve 100 mg in 10 ml of high pure water
3. 0.1 M Ammonium acetate
Dissolve 77.1 mg in 10 ml of high pure water
4. Ammonium iron (II) sulfate hexahydrate standard solution
Dissolve 176 mg in 10 ml of high pure water. This will serve as an iron stock solution
[2,500 mg/L of iron (II)]. Dilute the stock solution 100x to make a working iron solution
[25 mg/L of pure iron (II)].
5. 10% Oxalic acid (wt/vol)
Dissolve 10 g of acid in 100 ml of high pure water.
Note: In all experiments high pure water has been used and unless otherwise stated, the
experiments were performed at ambient temperature (~22 °C).
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