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Introduction


Management of the sludges produced from clarification and softening processes at conventional water-treatment plants has posed a difficult problem for many years.  In the past, one of the simplest and least-cost disposal methods was return of these solids to surface waters1, 2.   However,  with enactment of the Federal Water Pollution Control Act Amendments of 1972, this practice was no longer permitted in order to meet the zero-discharge requirements.  As a result land based disposal strategies have been developed.  These strategies have included lagooning3,4, dewatering and landfilling5,6 and discharge to a sewage treatment plant7 .  The many constraints placed on locating and operating landfills and problems with lagoon storage have forced consideration of other acceptable and environmentally sound alternatives.  Land application is one potential alternative3,4,8.


Land application of wastewater treatment sludges has been practiced for many years.  Recycling these sludges through agricultural soils is an important and potentially beneficial method to make use of the crop macro- and micro-nutrients in the sludge.  Although water treatment sludges are not generally perceived as possessing appreciable fertilizer value, evaluation of their chemical properties will reveal that they contain materials that can improve the fertility of agricultural soils.  There is some concern that such sludges could also have a negative impact on the soil/plant system.  However, agronomic studies of such benefits or problems have not been found in the literature.  The purpose of this study was to investigate the effects of water treatment sludges on the chemical properties of soils. 


Chemicals in water plant sludges.  Production of potable water from surface and ground water supplies generally requires the addition of a variety of chemicals for clarification, softening, removing taste and odor causing chemicals and disinfection. These chemicals include  aluminum sulfate (filter alum), iron sulfate, polymers, quicklime or hydrated lime (calcium oxide or hydroxide), magnesium oxide, sodium carbonate or bicarbonate, activated carbon, chlorine, and occasionally other chemicals.  These chemicals must be certified for use in potable water supplies 

even though relatively little of the chemical may remain in the finished water supply.  The chemicals are retained in the sludges, however, and hence the agronomic interest in the effects of the application of such materials to soil.  


Lime is the principal material added to water during chemical softening.  The addition of lime increases the calcium content and pH of the resulting sludge and were suggested to enhance its agricultural value3,4.  Recent work has shown that when high lime sludges and other materials are applied to soil, the high calcium, high pH material will react with soil acidity and increase the soil pH9,10,11,12.  In many acid soils, this pH increase is beneficial to crop growth. However, recycling these high lime sludges to soil as a liming material must be based on sound agricultural management practices in order to maintain soil fertility and appropriate pH for optimum crop production.  Excessive soil pH increases may be undesirable.  Macro- and micro-nutrients such as phosphorus, iron and trace minerals become less soluble as soil pH rises above 7.0 to 7.513.  Hence, applications of materials such as a water treatment plant sludge containing appreciable amounts of lime, as well as other liming materials commonly used in agriculture (e.g., hydrated lime, agricultural limestone or cement kiln dust) can induce micronutrient deficiencies that are detrimental to the growth of some crops.  


Chemical coagulation of water is commonly accomplished by the addition of aluminum sulfate, or filter alum.  The presence of aluminum in water treatment plant sludges applied to land is of interest since excessive soluble aluminum in the soil is known to be toxic to some plants, especially legumes such as alfalfa and beans.  While undue increases in soluble aluminum in the soil must be avoided, this concern must be put into perspective.  Mineral soils contain at least 4% aluminum13, or about 80,000 kg in the plow layer (0 to 15 cm), as a natural component of clays.  Thus, the concern is not simply that aluminum is added to the soil, but rather how its addition may affect the soluble aluminum concentration in the soil.  The precipitates produced by filter alum coagulants and the solids generated by the lime softening of hard waters make up the largest quantity of the added solids in water treatment sludges.  Thus, evaluation of these two types of sludges for land application is particularly important.


To investigate these potential problems as well as the benefits, the effects of a low lime (~10% Ca as CaCO3) water treatment sludge and a high aluminum (~12% Al) water treatment sludge on the chemical properties of soil were examined in the laboratory using conventional soil tests as an indicator of the availability of plant nutrients.  Specific objectives were to:  1. Compare changes in soil pH resulting from additions of a low lime sludge and of agricultural limestone to soil, and  2. Assess changes in plant available nutrients and soluble aluminum resulting from additions of a high aluminum sludge and a commercial fertilizer to soil.

Methods and Materials


Analyses.  The dewatered, low lime water treatment sludge was obtained from the Brockport,  New York water treatment plant.  The dewatered, high aluminum sludge was obtained from the Albion, New York water treatment plant.  The sludges were stored at room temperature until use.  Limestone and 10-10-10 fertilizer used in the study were obtained locally.  These materials were analyzed for total  nutrients and metals (HCl/ HNO3 digestion), and pH14.  The calcium carbonate equivalent (CCE) of the limestone and the low lime sludge was estimated using a dilute acid titration15.  The total neutralizing value (TNV) of the sludge was calculated from the calcium and magnesium concentration expressed as CaCO3, and, for the limestone, combined with the fineness analysis to provide the equivalent neutralizing value (ENV)16 relative to pure CaCO3.  Soils were analyzed for Morgan's solution 17 (sodium acetate/acetic acid, pH 4.8)  exchangeable micronutrients (Fe, Al, Mn and Zn), exchangeable macronutrients (Ca, Mg, K and P),  and pH (1:1 with water).  The sludge was dried at 70o C for 24 hrs. to determine total solids and ashed at 450o C overnight to determine volatile solids.


Water Treatment Facilities.  The Brockport facility is a conventional filtration plant constructed in 1958 with a design capacity of 5.5 MGD (2.1 x 105 m3 /day).  Raw water from Lake Ontario has alum, polymer, and occasionally powder activated carbon added to assist in coagulation.  In 1984, the plant averaged 3.08 MGD (1.17  x 105 m3 /day) with a raw water turbidity of 4.3 NTU and a pH of 7.5.  An average of 10.4 mg/l of alum and 0.23 mg/l of polymer were added as a coagulant aide.  The average finished water turbidity was 0.13 NTU with a pH of 7.2.


The Albion facility is a conventional filtration plant constructed in 1962 with a design capacity of 2.4 MGD (0.91  x 105 m3 /day).  Raw water from Lake Ontario has alum added to assist in coagulation.  In 1984, the plant averaged 1.16 MGD (0.44  x 105 m3 /day) with a raw water turbidity of 5.1 NTU and a pH of 7.5.  An average of 18.7 mg/l of alum was added.  The finished water turbidity averaged 0.21 NTU with a pH of 6.9.



Soils.  Two soils were used in the study.  The soils were obtained from the  A-horizon (0 to 6 in. [15 cm.]) at a potential land application site near each water treatment plant.  The soil used with the Brockport sludge was a Collamer silt loam, a fine-silty, mixed, mesic Glossoboric Hapludalfs.  This is a deep, moderately well-drained soil formed on glacial lake plains from silty lake laid deposits.  The chemical composition of this soil was: pH 5.6, P 1 lb/ac, K 111 lb/ac, Mg 140 lb/ac, Ca 1620 lb/ac, Fe 25 lb/ac, Al 229 lb/ac, Mn 8.0 lb/ac and Zn 1.6 lb/ac17.  The recommended liming rate was 5.5 ton/ac (12.3 Mg/ha) of ENV 100 limestone.  The soil used with the Albion sludge was a Rhinebeck gravelly silt loam, a fine, illitic, mesic Aeric Ochraqualfs.  The chemical composition of this soil was: pH 7.2, P 4 lb/ac, K 136 lb/ac, Mg 304 lb/ac, Ca 5590 lb/ac, Fe 9.0 lb/ac, Al 32 lb/ac, Mn 22 lb/ac and Zn 1.8 lb/ac17. 


The entire quantity of each soil to be used in the experiment was air dried, processed through a garden model Royer shredder and homogenized in a large, double-shell mixer for 30 minutes.  The sludges were dried at 70o C and crushed prior to use.  The homogenized soils were weighed out into 3 kg. quantities.  To each of the 3 kg. quantities of soil was added the appropriate amount of one of the following: the dried and crushed sludge, fertilizer (control) or limestone (control).  These mixtures were blended individually in a small double-shell mixer for 25 minutes and then split into three 1 kg. samples to provide three replicates.  Each 1 kg. sample was placed in a 5 in. plastic pot with a drain hole.  All pots were watered to field capacity with distilled water at the initiation of the incubation period and at wilt point thereafter for the remainder of the 12-week study.  Soil samples (two core composites) were taken from all pots and tested for soil pH after 4 weeks.  At the end of 12 weeks, the soils were resampled and tested for pH and exchangeable P, K, Mg, Ca,  and Al. 


The mixing rates of the Brockport low lime sludge were 0, 23.1, 46.2,  92.4 and 185 g. per 3 kg. soil.  These mixing rates approximated 0, 6.87, 13.7, 27.5 and 55.0 dry tons/acre (0, 15.4, 30.8, 61.6 and 123 dry Mg/ha).  As a positive control agricultural limestone (ENV 82) was mixed with the soil in the amounts of 5.64, 11.28, 22.6 and 45.0 g. per 3 kg. of soil.  These mixing rates approximated 1.68, 3.35, 6.73 and 13.4 tons/acre (3.76, 7.52, 15.1 and 30.7 Mg/ha).


The mixing rates of the Albion high aluminum sludge were 0, 16.8, 33.6, 67.2 and 134 g. per 3 kg. soil.  These mixing rates approximated 0, 5, 10, 20 and 40 dry tons/acre (0, 11.2, 22.4, 44.8 and 89.6 dry Mg/ha).  As a positive control, mineral fertilizer (10-10-10) was mixed with the soil in the amounts of 0.27, 0.54, 1.08 and 2.16 g. per 3 kg. of soil.  These mixing rates approximated 16, 32, 64 and 128 lbs nitrogen/acre (18, 36, 72 and 144 kg N/ha).  Five grams of perennial rye grass seeds were surface seeded onto each of treatments and clipped periodically.  The clippings were dried at 70o C and weighed to assess the fertility of the sludge treatments relative to the fertilizer controls.  

Results


Composition of sludges.  The elemental analysis of the sludges is shown in Tables 1a and 1b.  The Brockport sludge contained 3.83% Ca and 1.03% Mg for a total neutralizing value (TNV) of about 14: TNV = Ca, % x 2.5 + Mg, % x 4.12 = 13.8.  The CCE was 24 and the pH was 7.3.  These results indicated that this sludge should have a liming value equivalent to about 17 to 29% of the limestone.  Macro-nutrient concentrations were 0.36% nitrogen, 0.10% P and 0.57% K.  The sludge also contained 4.29% Al, similar to values found naturally in soil (Table 1a).  Concentrations of trace metals in the sludge were also similar to those present naturally in soil.  The Albion sludge contained about 1% total nitrogen, 0.16% P and 0.62% K, indicating that it possessed low, but possibly useful concentrations of the major fertilizer elements.


Effects of the Brockport sludge on soil.  Application of the low lime Brockport sludge improved soil pH and reduced exchangeable Al (Table 2).  As can be seen in Figure 1a, the soil pH achieved was a function of the logarithm of the application rate.  The same form of the relationship existed for limestone additions.  The soil incubation test confirmed what was suggested by the CCE and TNV results: the low lime water treatment sludge was a poorer liming material than limestone, but nonetheless effective.  The plot in Figure 1b indicates that to achieve a soil pH of 6.5 would require, for this soil,  a sludge application of about 80 Mg/ha (36 ton/acre) or about 8 times as much as would be required using limestone.  This ratio suggested a neutralizing value of 82/8 or 10.  This value is close to the TNV calculated from the Ca and Mg content of the sludge, 14.  The key to effective use of this material as an alternative liming material is to base the application rate on a knowledge of the soil and the material.  The fact that substantially more sludge was required than limestone to achieve an equivalent pH adjustment is a matter of management preference.  Thus, the Brockport sludge was a resource and would be an effective alternative liming material.


The Brockport sludge also decreased exchangeable Al in the soil.  This decrease is shown to be a function of the sludge application rate in Figure 2.  However, soil pH, a function of the sludge application rate, was the causal parameter. 


The cumulative application rate of the Brockport water treatment sludge would be limited by the Ni applications to 16 applications of 80 dry Mg/ha (Table 1a).  After 16 applications, a total of 50 kg/ha of Ni would have been added to the soil.  However, since the sludge contained only slightly more Ni (38 mg/kg) than is naturally present in soil (22 mg/kg) and most of the solids were non-degradable (VS = 9% of TS), the Ni concentration in the soil would be increased only slightly to about 28 mg/kg, well within the natural variation found in mineral soils (10 to 1000 mg/kg)18.


Effects of the Albion sludge on soil.   Application of the Albion sludge to soil increased the exchangeable K and Al (Table 3),  and also improved growth of grass in a pot study.  Addition of the Albion water treatment sludge to soil improved exchangeable K.  The sludge contained a relatively small, but useful concentration of K, 0.62% (Table 1b).  However, at the application rates used in this study, exchangeable K was increased from 42 mg/kg up to as high as 59 mg/kg (Figure 4).  For comparison, the exchangeable K from inorganic fertilizer is shown in Figure 3.  While the sludge supplied K may not appear to be as available as the fertilizer K, the material did, nonetheless, supply this nutrient in measurable amounts. 


Exchangeable Al, a phytotoxic element when present in excess in soil solution, was increased by application of the sludge (Figure 5).  What is evident was that the solubility of the Al seemed to reach a maximum and then level off as the sludge application exceeded about 40 Mg/ha.  Doubling the application rate from 45 Mg/ha to 90 Mg/ha increased exchangeable Al from 64 mg/kg to 75 mg/kg (about 150 lbs/acre).  Cornell Recommends19  suggests that an Al soil test value in the range of 1 to 99 lbs/acre (approximately 0.5 to 50 mg/kg) is normal, with higher values as excess, but not necessarily phytotoxic.  Many soils do exceed 100 lbs/acre (50 mg/kg) of soil test (exchangeable) Al and continue to remain productive. Thus, while addition of the high Al water treatment sludge to soil increased exchangeable Al, this increase was not linear with application rate.  Rather, it increased to a maximum concentration and then leveled off.   


The plant growth pot study indicated that the growth of rye grass was not inhibited by the sludge incorporated into the soil.  Plants grown in greenhouse pots are known to be especially sensitive to soil chemicals due to the root confinement and differences in environmental management as compared to field studies20.   As a result, any toxicity problems due to the presence of the Al were expected to be evident from the results of the plant growth and clipping yields.  Both the fertilizer and the water plant sludge improved growth of the rye grass in the pot study, as shown in Figure 6, although differences between treatments were not statistically significant.  The sludge applied at the equivalent of 5 to 20 dry tons/acre (11.2 to 44.8 Mg/ha) produced clipping weights at least as great as that due to a fertilizer N application of 32 lbs/acre (28 kg/ha), suggesting that the water treatment sludge had some fertilizer value at the rates used in this experiment.  Sludge applications of up to 40 tons/acre (89.6 Mg/ha) produced no evidence of phytotoxicity.   Studies with alum wastewater treatment sludges have shown similar results 21,22.  In general, while aluminum may be toxic when soluble, the metal reacts readily to form insoluble compounds in the soil at pH above about 6.523.  Since the soil in this experiment had a pH of 7.2, toxicity was unlikely.  Thus there was no evidence of Al toxicity in this experiment, but rather the water treatment sludge appeared to have some fertilizer value based on the association of greater clipping weights with larger applications of the sludge.

Conclusions  


Two water treatment plant sludges were evaluated in this study: a high-lime sludge and a high-aluminum sludge.  Both sludges contained concentrations of trace metals similar to those present in soil so that application of the sludges to land would not appreciably increase the concentration of these metals in the treated soil.  The high-lime sludge produced a liming effect on the soil used in the soil incubation study.  This liming value was estimated at about one-eighth as great as the commercial limestone used as a comparison.  The equivalent neutralizing value was estimated at about 10, and the sum of the Ca and Mg concentrations expressed as calcium carbonate was a good predictor of the liming value.  The high-aluminum sludge which contained about 12% Al increased the exchangeable Al in the soil.  However, the increase in Al was not linear with application rate and tended to level off at the sludge application rates greater than 44 Mg/ha.  The sludge appeared to have some fertilizer value based on the grass clipping weights.  No phytotoxicity to the grass grown in the pot study was evident.


Thus both of the sludges were considered beneficial and appropriate for land application based on their liming value or their fertilizer value. 
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