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Spent lime is a by-product of the sugar beet sugar purification process.  It is generated by heating mined calcium carbon limestone to form calcium oxide and carbon dioxide.  These two products are injected into the thick juice (from the sugar beet processing) and reforms calcium carbonate.  When the calcium carbonate reforms it captures or adsorbs many of the impurities in the juice and precipitates from the juice.  The precipitate forms a solid lime product that needs to be discarded leaving behind the thin juice from which sugar is extracted.  The seven sugar beet processing factories in North Dakota and Minnesota produce approximately 500,000 tons (dry weight basis) of spent lime annually.
Historically, spent lime has simply been stock piled on site at each of the factories.  As a result, large mounds of this material are present at each factory site and continue to grow each year.  Storage of spent lime in this manner may create problems in the future for the factories as current storage permits expire, stock piles become larger and environmental and space limitation awareness increases.  One, potential disposal possibility is to apply it on the land or production fields.  Spent lime is sold as Lime X in Europe and farmers apply it to their fields.  However, these fields tend to have low soil pH and liming is required as a general management practice.  Generally, spent lime has about 86% of the acid neutralizing potential as an equivalent quantity of fresh lime.  Soil pH in eastern North Dakota and western and central Minnesota is generally at alkaline levels naturally.  There are isolated areas were soil pH may be acidic and require lime application as part of the management practices.  But, many of the soils in the sugar beet factory areas are already at pH levels of 7.5 or above and do not require lime.  There is little need to use spent lime from the sugar industry to correct soil pH problems.  

Spent lime is being added to some fields, not to adjust soil pH, but to supply calcium (Ca).  Soil tests for Ca do not suggest the need for additional Ca for crop production in most soils in Eastern North Dakota and western and central Minnesota.  It has been suggested that these soils do not have the ideal Ca:Mg ratio on the soil cation exchange complex that promotes optimum crop production and that adding spent lime may ameliorate the situation. Some reports have suggested that optimum Ca:Mg: potassium (K) ratios on the soil exchange complex ranging from 13:2:1 (Bear et al., 1945) to 30:5:1 (Baker and Amacher, 1981) would promote optimum crop production.  Research in the Midwest and Great Plains regions of the United States has not shown a crop production response to adjusting these ratios as long as the nutrients are already available in sufficient amounts (Rehm, 1994).  Soil pH in the 7.6 to 8.3 range indicates a strong likelihood that the soil is already calcareous and contains excess calcium carbonate (CaCO3) or free lime (Thomas, 1996).  As soil pH increases towards 9, calcium plays less of a role in controlling pH because CaCO3 precipitates out of the soil solution (Thomas, 1996).   Since the solubility of CaCO3 decreases as soil pH increases at these relatively high pH levels and that excess free lime already exists in many of the soils in question, it seems improbable that adding spent lime would significantly contribute Ca to either the plant available supply or the cation exchange complex.
The objective of this experiment was to determine if the application of spent lime affected the Ca:Mg ratio on the soil cation exchange complex.

Materials and Methods
Experiments were established at Hillsboro, ND on a Fargo sicl soil (Fine, smectitic, frigid, Typic Epiaquert) in mid-October, 2003 and at Breckenridge, MN on a Doran cl (Fine, smectitic, frigid, Aquertic, Argiudoll) in mid-April, 2004. Each site was divided into four, 1-acre experiments each treated with five rates of spent lime (including an untreated control) and replicated four times in a randomized complete block design. Treatments applied at Hillsboro were 0, 5, 10, 20, and 30 tons (wet weight) of spent lime per acre and at Breckenridge were 0, 5, 10, 15, and 20 tons (wet weight) per acre.  Immediately after the 2004 wheat harvest at Breckenridge, fourteen soil cores were taken in each plot, split into 0-3 inch and 3-6 inch segments and combined to make one sample for each depth for each plot.  Attempts were made to soil sample the Hillsboro site in the fall of 2004 after corn harvest, but soil conditions were too wet.  This site was sampled May 5 and 6, 2005.  The sampling process was the same as described for the Breckenridge site except ten cores were combined to make a single sample for each plot.  Soil samples were dried at 30oC then ground and subsampled.  Soils were analyzed for Ammonium Acetate (NH4OAc) extractable calcium (Ca), magnesium (Mg), potassium (K), and sodium (Na) (Reference Methods for Soil Analysis, 1992).


Soil cation exchange capacity (CEC) estimates were determined from both direct and indirect methods. The direct method involved flushing the soil with an unbuffered NH4Cl solution (Sumner and Miller, 1996).   Ammonium (NH4+) in the NH4Cl solution dislodges and replaces the base cations on the cation exchange complex.  The soil sample is next flushed with a potassium nitrate (KNO3) solution and the K+ dislodges and replaces the NH4+ on the exchange sites.  The quantity of NH4+ measured in this supernatant theoretically represents the quantity of negative charge on the soil particles and becomes a direct estimate of soil CEC. The indirect method to estimate CEC involves the sum of base cations (Ca2+, Mg2+, K+, and Na+) dislodged by the NH4+ in the first extraction. 
Results and Discussion

Cation exchange capacity was determined in the surface soils (0-3 inch depth) from the control (0 spent lime) and the 20 ton A-1 spent lime rate.  These samples were selected for CEC determination for three reasons: 1) the control and 20 ton A-1 spent lime rate were common treatments at both experimental sites; 2) if there was little affect on CEC caused by 20 ton A-1 spent lime compared to the control, there was little reason to suspect lesser spent lime rates would have a major affect; and 3) most of the spent lime effects, measured thus far, were in the surface soils with only minor effects at the deeper soil depth (Sims et al., 2006).

The quantities of base cations (Ca2+, Mg2+, K+, and Na+) extracted with NH4Cl were correlated with the quantities extracted with the standard soil test methods using NH4OAc (Sims et al., 2006) (Fig 1).  The relationship between the two extraction methods was most highly correlated for extracted Ca and K and least correlated for extracted Na.  These results suggest that base cation extraction using NH4Cl solutions was not too unlike what would be expected with the standard soil test using NH4OAc solutions.  

The total quantity of Ca and Mg extracted with NH4Cl solution were greater when 20 ton A-1 spent lime had been applied compared to the control at both experimental sites.  At Hillsboro, extracted Ca increased from 3351 ppm in the control to 5496 ppm in the 20 ton A-1 spent lime rate.  At Breckenridge, extracted Ca increased from 2350 to 5138 ppm in the same respective treatments.  This was an increase of 64 to 119% in extracted Ca when 20 ton A-1 spent lime was applied.  Extracted Mg also increased with the application of spent lime.  At Hillsboro, extracted Mg increased from 1118 ppm in the control to 1282 ppm in the 20 ton A-1 spent lime rate.  At Breckenridge, extracted Mg increased from 1331 to 1475 ppm in the same respective treatments.  This represents an increase of 11 to 15 % increase in extracted Mg with the application of spent lime.  Neither K nor Na extraction was affected by the application of spent lime.  


Cation exchange capacity in soil is measured as cmols (+) kg-1 soil (centimoles of positive charge per kilogram of soil).  The application of spent lime reduced the measured CEC of the surface soil by nearly 10% at both experimental sites (Table 1).  At Hillsboro, measured CEC declined from 28.4 cmol (+) kg-1 soil in the control treatment to 25.7 cmol (+) kg-1 soil 
in the 20 ton A-1 spent lime treatment.  Similarly, at Breckenridge, measured CEC declined from 22.6 to 20.1 cmols (+) kg-1 soil for the same respective treatments.  The difference in CEC between the two experimental sites reflects differences in soil mineralogy.   Typically, greater clay content (where the permanent CEC originates) results in greater CEC. The difference in CEC between the control and where spent lime had been applied probably represents the chemical complexity of the procedure itself.  Nevertheless, the difference between the control and the 20 ton A-1 spent lime rate are not great indicating that the CEC is approximately that measured in the control treatment at both sites.
Many soil testing laboratories use a summation approach to estimate soil CEC.  In this methodology, the basic cations of Ca2+, Mg2+, K+, and Na+ are extracted with either buffered ammonium acetate or unbuffered ammonium chloride solutions. The base cations are measured in the supernatant and after some calculations to adjust for the amount of positive charge and molecular weight, the cations are summed to estimate CEC.  This procedure works quite well for estimating soil CEC provided the soil does not contain salts or carbonates (Sumner and Miller, 1996).  Salts and carbonates can dissolve in the extraction solution and contribute Ca and Mg that is not associated with the CEC.  Summing these values tends to over estimate CEC.  
To convert base cation concentration to similar units as those used in CEC requires an algorithm that includes the cation molecular weight and the amount of positive charge on each cation (Warncke, and Brown, 1988).  The results of this conversion for each of the base cations are shown in Table 1.  As expected, the amount of positive charge coming from both Ca and Mg increases with the application of spent lime compared to the control.  Of interest, however, is the difference in estimated CEC between the control and 20 ton A-1 spent lime when using the sum of base cations (Table 1).  The CEC estimate from the sum of base cations in the control treatments was similar to the CEC estimate from direct measurement (measured:Sum ratio in Table 1).  However, when 20 ton A-1 spent lime was applied, the sum of base cations yielded an estimated CEC nearly twice that measured directly.  Extraction of calcarious soils with NH4Cl, and for that matter NH4OAc, will dissolve CaCO3 in the soil resulting in Ca in the supernatant that was not associated with the soil cation exchange complex (Suarez, 1996).  For this reason, summation of base cations to estimate CEC when the soil has either high salt or carbonate contents is not advised.

Looking at Table 1, it might be presumed that the application of 20 ton A-1 spent lime increased the Ca:Mg ratio on the soil cation exchange complex from 1.8 and 1:1 in the control plots to 2.6 and 2.1 in the 20 ton A-1 spent lime rate at the Hillsboro and Breckenridge sites, respectively.  However, both Ca and Mg extractions were significantly increased with the application of spent lime.  The exact contribution  dissolved spent lime dissolved has on extracted Ca and Mg not associated with CEC cannot be directly estimated with laboratory analysis thus far completed.  However, since summing base cations from the treatment receiving spent lime greatly over estimated CEC, it is presumed that most of this excess was caused by spent lime dissolving in the extraction solution and not by an increase in Ca on the cation exchange complex.  The soils analyzed from Breckenridge were collected within a few months after spent lime application, which leaves open the question of whether enough time had passed to allow the spent lime to adequately interact with the soil?  This is a valid question.  But, at Hillsboro the spent lime had nearly 18 months to interact with the soil.  To this point, there is no evidence suggesting spent lime had any effect on the Ca:Mg ratio of the cation exchange complex of these soils.
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Table 1. Base cations and cation exchange capacity (CEC) in surface soils (0-3 inch depth) from two sugar factory spent lime trials and two rates of spent lime as determined in an unbuffered ammonium chloride extraction process.
	Element
	Ca
	Mg
	K
	Na
	Sum of Cations§
	Measured CEC
	CEC Ratio

Measured:Sum

	tons A-1 of Lime
	0         20
	0          20
	0          20
	0          20
	0          20
	0         20
	0         20

	
	 ----------------------  cmols (+) kg-1 of soil  --------------------

	Site
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Hillsboro
	16.8
	27.5
	9.2
	10.6
	2.2
	2.2
	0.2
	0.2
	28.4
	40.5
	28.7
	25.7
	1.02
	0.64

	LSD (0.05)
	2.3
	0.4
	ns
	ns
	
	
	0.9
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Breckenridge
	11.7
	25.7
	11.0
	12.1
	1.4
	1.3
	0.3
	0.3
	24.4
	39.4
	22.6
	20.1
	0.93
	0.51

	LSD(0.05)
	1.2
	1.1
	ns
	ns
	
	
	1.0
	
	


§ CEC as determined by the sum of basic cations measured in the unbuffered ammonium chloride solution.

