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Abstract

The corrosiveness of rock salt (road salt, sodium chloride), CMA (calcium magnesium acetate) and potassium succinate on steel and aluminum are compared.  Steel, aluminum, and their alloys are widely used in the automobile industry and/or road and related infrastructure.  Calcium magnesium acetate is much less corrosive than road salt, but exhibits poor performance at lower temperatures.  The results presented here in demonstrate that potassium succinate is a significantly more effective deicer with low corrosion.
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Introduction

Deicing or anti-icing is defined as “the snow and ice control practice of preventing the formation or development of bonded snow and ice by timely application of a chemical freezing-point depressant.”1  Corrosion is the “destructive attack on metals by chemical or electrochemical reactions.”2  Reducing corrosion is important and deserves much needed attention because of safety, economic, and environmental concerns.

Rock salt (or sodium chloride) has a typical yearly application of about 18 to 20 million tons3 and is the prevalent deicing chemical used on roads and associated structures today.  It is inexpensive, effective and easy to use; however, its corrosiveness can cost up to $7 billion, yearly4.  The United States spends close to $1.5 billion for winter highway maintenance, annually.5  In addition, the impact of road salt on soil, vegetation, and surface water is substantial although it is difficult to quantify.  In addition to sodium chloride, water-soluble iron cyanide compounds are widely used in amounts of about 50 to 100 ppm4 as anti-caking agents in road salt to improve its handling.  These anti caking agents are potential contaminants of surface and groundwater6.
Over the years, numerous alternative deicing chemicals have been developed.  They include CMA40®, NAAC™, E36®, Kilfrost DF Plus®, Kilfrost ABC-S®, CF7®CG-90 Surface Saver, Verglimit, CMS-B all by Cryotech7, calcium chloride, IceBan8, Ice Slicer9, Freez Gard (liquid magnesium chloride), and Dyn-O-Melt by Cargill10.  Alternate deicing chemicals are significantly more expensive and generally less effective than rock salt, but they strive to be environmentally friendly and less corrosive, thus justifying their higher prices. 

Calcium magnesium acetate (CMA) is probably the leading alternative chemical deicer that has been used as a road deicer; however, its deicing performance is inadequate12, especially at lower temperatures (below -5 (C).  In addition, because of its lower density, it requires 60% more truck capacity and about 20% more application than sodium chloride.  On the other hand, CMA is biodegradable, less corrosive, and has little or no adverse environmental effects in comparison to that due to sodium chloride.  CMA is manufactured by using acetic acid (primarily derived from natural gas) with an approximate price in the range of about $600 - $700 per ton compared to about $30 per ton for road salt. 

The aim of this paper is to compare the corrosive characteristics of aluminum and steel induced by potassium succinate, CMA, and road salt.  The study shows that potassium succinate and CMA do not induce corrosion at a detectable level.  In the study of comparative deicing characteristics of these compounds by authors12, it has been demonstrated that potassium succinate is superior to CMA.  Collectively, these studies show that potassium succinate may be a more viable alternative in comparison to CMA.

Experimental 

The SHRP H-205.7 protocol (Test Method for Evaluation of Corrosive Effect of Deicing Chemicals on Metals)9 was followed to compare corrosion effect of deicing chemicals on the subject metals.  This protocol adopts ASTM (American Standards for Testing and Materials) standards that are used for evaluation of corrosive effects of deicing chemicals on metals.10 
Rock salt, CMA (96% hydrated calcium magnesium acetate) and potassium succinate (98%) were used as received from Chevron Co., Cryotech, and Pfaltz&Bauer Inc., respectively.  For consistency and for comparison with referenced data in the protocol9 , all test solutions used were  3 wt% in deionized water.  The total volume of all aqueous salt solutions was 750 ml in 1 L test cell beakers, sufficient for two immersed metal samples.  All solutions were aerated uniformly during exposure for accelerated corrosion and any solution discoloration was visually monitored during two weeks of exposure.  The pH of all test solutions was recorded before and after each experiment.
The metal coupons/samples were obtained from Q Panel Lab Products and Metal Samples Co.  Each test sample measured 25.4 mm by 50.8 mm by 3.175 mm with a hole to suspend the sample in the test solution.  All test specimens including the unexposed ones used as cleaning control, were made in duplicate of same size, geometry and material specifications.  The metal samples were bare cold rolled steel and bare structural aluminum.  All samples were desiccated and weighed to the nearest 0.1 mg before and after exposure to deicing solutions.  Each sample was cleaned by rinsing in reagent acetone, air dried, weighed and suspended in aerated deicing solution by a nylon string attached to an ID tag.
At the end of two weeks exposure time, all samples were washed under cold running water with a nylon brush, rinsed with deionized water and acetone.  Steel samples were cleaned in an ultrasonic bath containing stannous chloride, antimony trioxide and concentrated hydrochloric acid solution at 25 (C for 10 s.  Aluminum samples were immersed in a steam bath of chromic oxide and concentrated phosphoric acid solution at about 100 (C for 2 min.  Both steel and aluminum samples were brushed with separate fiberglass brushes, wiped off with a paper towel, and rinsed with acetone.  All samples were inspected for any pitted corrosion and weighted to determine weight loss.  The corrosion rates were calculated as the average weight loss per total surface area of the specimen in terms of millimeter per year (mmpy).  The weight loss was corrected for cleaning effect by subtracting the weight loss of the cleaned but unexposed metal samples that was used as cleaning control.

Results and Discussion: 

The SHRP H-205.7 protocol (Test Method for Evaluation of Corrosive Effect of Deicing Chemicals on Metals) was followed for evaluating the corrosion effect of selected deicers on steel and aluminum.  The test involves total immersion of metal specimens in deicer solutions under conditions suitable for accelerated corrosion. Following the SHRP H-205.7 protocol, aluminum and steel corrosion during two weeks of total immersion in different aqueous salt solutions were performed.  The results obtained for pure components are given in Figures 1 and 2.   
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Each data point represents the average of two experiments. It is apparent from these experiments that potassium succinate and CMA do not promote corrosion of steel and aluminum. Corrosion of steel and aluminum induced by CMA and potassium succinate in comparison to that induced by rock salt is negligible and may be considered as nil.  This was confirmed by the fact that characteristics of corrosion such as discoloration and scaling did not appear on the surfaces of the metal samples exposed to CMA and potassium succinate solutions during the recommended exposure period in repeated experiments.  Conversely, in experiments involving rock salt solutions, deterioration of metal coupons was visibly indicated by discoloration and scaling.  
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Furthermore, data demonstrate that both CMA and potassium succinate possess corrosion inhibition characteristics.  The data presented in Figure 3 show that there was about 40% reduction of corrosion induced by rock salt, by incorporation of 2 wt% potassium succinate.  However, higher proportions of potassium succinate with respect to rock salt did not further lower corrosion of steel and aluminum.  
The experiments presented above were designed to compare the corrosion effects of potassium succinate, CMA, and rock salt.  Rock salt is widely used for deicing highways and subsidiary structures.  Calcium magnesium acetate is the most recognized commercially available alternative highway deicer.  The present study demonstrates that potassium succinate and CMA are non-corrosive and inhibit the corrosive tendencies of sodium chloride.  Both are biodegradable and will not have any cumulative effects on the environment.  The FHWA identifies CMA as the "only environmental alternative to salt," at the present time.  Parallel studies by the authors12 indicate that the deicing capability of potassium succinate is superior to that of CMA while possessing the same environmental benefits and protection from corrosion that CMA provides. Calcium magnesium acetate does not penetrate ice below -10 °C whereas potassium succinate penetrates ice at temperatures as low as -20 °C. This suggests that potassium succinate may be a more viable alternative deicer for application on expensive road structures and environmentally sensitive areas.

Conclusions:

The experimental results of comparing deicing and corrosion effect of potassium succinate with rock salt and CMA suggest that both potassium succinate and CMA have very little or no corrosion effect on aluminum and steel as compared to highly corrosive road salt. Furthermore, the results demonstrate that both potassium succinate and CMA possess excellent anti corrosion characteristics.  However, parallel studies by the authors suggest that potassium succinate is a superior deicer in comparison to CMA.  Therefore, potassium succinate may be a more desirable alternate road-deicing chemical, especially on more susceptible and sensitive infrastructures.
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Sheet1

		From Table A1W2a. Experimental Aluminum Corrosion Data.

		Samples		Avg.Cr(mpy)		Avg.Cr(mmpy)

		100% NaCl		5.362		0.136

		100% CMA		0.371		0.009

		100% KSu		0.00		0.000

		NaSu		100%		0.045		0.001

		KSu/NaCl		1/99		2.2		0.056

		KSu/NaCl		2/98		5.907		0.150

		KSu/NaCl		4/96		6.495		0.165

		KSu/NaCl		6/94		6.73		0.171

		KSu/NaCl		10/90		5.514		0.140

		KSu/NaCl		30/70		8.535		0.217

		From Table S1W2

		steel and aluminum corrosion in KS/NaCl mixture in mmpy

		KS/NaCl		steel		Aluminum

		wt% Ratio

		100 NaCl		0.456		0.136

		1/99		0.257		0.056

		2/98		0.193		0.150

		4/96		0.274		0.165

		6/94		0.330		0.171

		From Table A1W2a. Experimental Steel Corrosion Data.

		Samples		Avg.Cr(mmpy)		Avg.Cr(mpy)

		100% NaCl		0.456		17.947

		100% CMA		0.001		0.036

		100% KSu		0.000		0.014

		100% NaSu		0.001		0.026
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Figure A1W2b. Corrosion Rate of Aluminum in 3wt% concentration of Different wt% Ratios of KSu/NaCl.
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Figure 2. Aluminum Corrosion Aqueous Salt Solutions.
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Figure 3. Aluminum and Steel Corrosion in Combined  Wt% Aqueous Salt solutions.
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Figure 1 Steel Corrosion in Aqueous Salt Solutions.
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		From Table A1W2a. Experimental Aluminum Corrosion Data.

		Samples		wt%		Avg.Cr(mpy)		Avg.Cr(mmpy)

		NaCl		100%		17.9		0.455

		CMA		100%		0.371		0.009

		KSu		100%		0.00		0.000

		NaSu		100%		0.045		0.001

		KSu/NaCl		1/99		10.1		0.257

		KSu/NaCl		2/98		7.6		0.193

		KSu/NaCl		4/96		10.8		0.274

		KSu/NaCl		6/94		13		0.330
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Figure 2. Aluminum Corrosion in Aqueous Salt Solutions.
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		From Table A1W2a. Experimental Aluminum Corrosion Data.

		Samples		Avg.Cr(mpy)		Avg.Cr(mmpy)
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		100% CMA		0.371		0.009

		100% KSu		0.00		0.000
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		KSu/NaCl		6/94		6.73		0.171

		KSu/NaCl		10/90		5.514		0.140

		KSu/NaCl		30/70		8.535		0.217

		From Table S1W2

		steel and aluminum corrosion in KS/NaCl mixture in mmpy

		KS/NaCl		steel		Aluminum

		wt% Ratio

		100 NaCl		0.456		0.136

		1/99		0.257		0.056

		2/98		0.193		0.150
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		From Table A1W2a. Experimental Steel Corrosion Data.

		Samples		Avg.Cr(mmpy)		Avg.Cr(mpy)

		100% NaCl		0.456		17.947

		100% CMA		0.001		0.036

		100% KSu		0.000		0.014
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Figure A1W2b. Corrosion Rate of Aluminum in 3wt% concentration of Different wt% Ratios of KSu/NaCl.
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Figure 2. Aluminum Corrosion Aqueous Salt Solutions.
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Figure 3. Aluminum and Steel Corrosion in Combined  Wt% Aqueous Salt solutions.
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Figure 1 Steel Corrosion in Aqueous Salt Solutions.
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		Samples		wt%		Avg.Cr(mpy)		Avg.Cr(mmpy)
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Figure 1 Steel Corrosion in Aqueous Salt Solutions.
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Figure A1W2b. Corrosion Rate of Aluminum in 3wt% concentration of Different wt% Ratios of KSu/NaCl.
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Figure 2. Aluminum Corrosion Aqueous Salt Solutions.
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Figure 3. Aluminum and Steel Corrosion in Combined  Wt% Aqueous Salt solutions.
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Figure 1 Steel Corrosion in Aqueous Salt Solutions.

0.4558538

0.0009144

0.0003556



Sheet6

		From Table A1W2a. Experimental Aluminum Corrosion Data.

		Samples		wt%		Avg.Cr(mpy)		Avg.Cr(mmpy)
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