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(ABSTRACT)

A single application of aerobically digested sewage sludge was applied by Rappaport
et al. (1988) in 1984 at rates up to 210 dry Mt ha! on a Davidson clay loam (clayey,
kaolinitic, thermic, Rhodic Kandiudults). The heavily contaminated sludge supplied up to
760 kg Cu and 620 kg Zn ha™, which are below current cumulative limits, but above
annual loading limits for these metals (USEPA, 1993). Rappaport et al. (1988) reported an
increase in DTPA extractable Cu and Zn with increasing sludge rate. They observed a
linear increase in corn yields with an increase in sludge rate, which was attributed to high
levels of available N supplied by the sludge. In the present residual study, conducted at the
same research site, DTPA extractable Cu and Zn followed the trend observed by
Rappaport et al. (1988). However, a linear decrease in corn and sorghum yields was
observed with increasing sludge rate. The sludge-related decrease in yields was attributed
to phytotoxicity (probably a combination of Al, Cu, Mn, and Zn) induced by low soil pH
levels. Whole plant tissue concentrations of Cu and Zn at the high sludge rates were above

the normal range, however grain concentrations were within the normal range. An



adsorption study was conducted, in which soils were amended with Ca(OH), and
Al(SO,); to ascertain the effect of decreased pH on Cu adsorption on the soil. Copper
adsorption maxima decreased with a reduction in soil pH in all treatments. The effect of
ionic strength on Cu adsorption was also investigated. Regardless of pH or ionic strength,
Cu adsorption increased with an increase in sludge rate. This adsorption increase was
attributed to the higher organic matter content of the sludge treatments. The organic
matter at the highest sludge rate was approximately double that of the control after 11
years. The adsorption study shows that sludge amendment has long-term effects on metal
retention in soils and the field study reveals that careful management of sludge-amended

soils is necessary to prevent phytotoxicity.
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INTRODUCTION

Sludge Generation

Sewage sludge is generated during municipal wastewater treatment. The solid residues
that remain after physical, biological, and chemical treatment of wastewater are referred to
as sludge or biosolids. There is an increase in the volume of sludge generated as the level
of treatment increases. Primary treatment generates 2,500 to 3,500 liters of sludge per
million liters of wastewater treated; secondary treatment generates an additional 15,000 to
20,000 liters of sludge; and tertiary treatment generates an additional 10,000 liters
(USEPA, 1993a). A typical family of four discharges 1134 to 1512 liters of wastewater
day ', which sometimes contains household hazardous wastes and pesticides (USEPA,

1993a).

Sludge usually contains 3 to 7% solids and is dewatered at the wastewater treatment
plant to concentrate solids. Sludge intended for landfilling and land application is usually
concentrated to to 25% solids and 75% water (Cheremisinoff, 1994). The dewatered
sludge may be mixed with wood chips and allowed to decompose, producing a compost

product, or it may be dried to 95% solids and made into pellets.
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Approximately 15,000 publicly-owned treatment works (POTWs) in the United States
generate about 8 million dry mt (or 800 million to 1.7 billion wet mt) of sludge annually
(Cheremisinoff, 1994) . Seventy percent of all U.S. sludge is produced by 3% ( about 400)
of its POTWs, i.e., POTWs which generate more than 10 dry mt day ™ (Cheremisinoff,
1994). The average amount of dry sludge generated per person is 21.4 kg yr ™! (Jewell,
1994). The production of sludge in Virginia is approximately 400 dry mt day *, 90% of
which is generated in the less than 100 POTWs with the largest flow volumes (Sawyer,
1996).

Application of Sludge on Cropland

Land application of human wastes to improve crop production is an age-old practice.
Records of this practice date back to the Roman Empire. In Asian countries these wastes,
referred to as “night soil”, have long been applied to enhance crop production. Human
wastes were applied in an unprocessed state until emergence of health concerns regarding
use of raw wastes. Prior to the 1960s, little sewage treatment occurred. Direct application
of wastes was discontinued with the passage of the Clean Water Act in 1977 and the

advent of modern wastewater treatment.

Land application of the residues (sludge) from wastewater treatment was encouraged
to prevent pollution of streams and rivers. Although the agricultural value of sludge was
promising, large amounts were still either dumped in landfills or incinerated. Use of sludge
on cropland increased as research revealed its agronomic benefits. Sewage sludge is a
valuable resource because of its nutrient and organic matter content. The main benefits
from sludge use on cropland are nutrient supply and soil conditioning (USDA, 1978).
Related benefits include a decrease in dependence of chemical fertilizers and a reduction in
fuel costs and emissions associated with incineration. Other land application options in

which sludge use is beneficial include mine land reclamation (Sopper, 1991; Daniels and
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Haering, 1994), rangeland restoration (Fresquez et al., 1990; Aguilar et al.,1994), and
forest fertilization (Bayes et al., 1991; Taylor and Moffat, 1991; Henry and Cole, 1994;
Outwater, 1994).

Despite the benefits, only about one third of the sludge generated in the U.S. is applied
to land (USEPA, 1993a). The United Kingdom reuses 51% of its sewage sludge by land
application. (USEPA, 1993a). Approximately 50% of Virginia’s sludge is applied to
agricultural land (Sawyer, 1996). The Blue Plains wastewater treatment plant in
Washington, DC. generates 2,000 mt of sludge (3 to 7% solids) day ", of which northern
Virginia is a contributor (Klemer, 1990). The total sludge output of this plant is recycled
through composting and land application. Closure of existing landfills, more stringent
restrictions on those which are opening, and increased disposal costs (tipping fees) are
decreasing landfill disposal of sludge, thereby requiring other disposal options
(Cheremisinoff, 1994). Only 1 to 2% of the nation’s cropland would be required for land
application of all the sludge generated in the U.S. (Peterson et al., 1994).

In the 1960s, Tennessee Valley Authority scientists investigated the possibility of land
application of sludge (Klemer, 1990). Experiments conducted in the 1970s at the
U.S.Department of Agriculture facility in Beltsville, Maryland revealed that the yield
response produced by one dry ton of sludge was equivalent to that of 14 dollars of
commercial fertilizer (Klemer, 1990). In 1991, Bio Gro Systems estimated that the first
year savings from the use of anaerobically digested sludge for a 100-bu corn (Zea mays
L.) crop was $90.55 (Forste, 1994). Sludge was evaluated as a commercial fertilizer
substitute for corn by Kresse and Naylor (1983). Corn yields on sludge-amended sites
were comparable to fertilizer-amended soils. Corn yields on sludge-applied land were
higher than on fertilized control areas in a 20-year study conducted by the University of
Minnesota in the Rosemount watershed (Knuteson et al., 1988). Corn grain and stover

yields increased linearly as a function of sludge rate on three diverse Virginia soils that
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received up to 210 mt ha * sludge (Rappaport et al., 1988). Corn yields in a greenhouse
study conducted by Cunningham et al. (1975) increased at sludge rates of 125 and 251 mt
ha™, but decreased at the 502 mt ha ' rate. Yield decreases were attributed to heavy metal

toxicity and high soluble salt levels.

Although numerous studies have shown crop response to sludge, it is regarded as an
unbalanced, low-analysis nutrient source. Sommers (1977) investigated the potential use
of sludges as fertilizers and reported considerable variation in nutrient content. He
reported ranges of <1 to 176 g kg ! for total N, <1 to 143 g kg ™ for total P, and 0.2 to
26.4 g kg ™! for total K. Appreciable amounts of N and P are often present in sludge (Hall,
1984, 1985, 1986), however the K content of all sludges is low (Hall and Williams, 1986).
Sludge can also supply other nutrients such as Ca, Mg, Cu, and Zn (Smith,1996).

Sludges have been applied to cropland at about half the rate of cattle manure (Fuller
and Warrick, 1985). If sludges are relatively low in heavy metals and other toxic
contaminants, loading rates should be similar to those for livestock manures. A
conservative application rate of 10 mt ha ', based on N requirements of crops and N
concentration of sludge, was used to calculate heavy metal limits for the Part 503 sludge
regulations (USEPA, 1993b). The management practices portion of Part 503 states that
the application rate of bulk sludge cannot exceed the agronomic rate. The agronomic rate
is based on the N requirements of the crop or vegetation grown and minimizes the danger
of nitrate leaching into groundwater. If no other sludge constituent limits the rate of
application, then the rate should be based on nitrogen. Pierzynski (1994) recommends that
the application rate should take into account the kinds and amounts of N present in sludge.
Guidelines for N management with sludge application are discussed in the Proceedings of
the 1993 National Land Utilization of Sludge Conference (Pierzynski, 1994). In these
guidelines, Pierzynski points out that determination of the potentially available N is

complicated by the difficulty of predicting the potentially mineralizable N.
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The agronomic benefits of land application of sludge must be weighed against the risks.
The risks depend upon the composition and application rate of sludge, soil properties,
and crop species grown. As industrial inputs of contaminants in wastewater increased,
environmental concerns regarding land disposal of sludge arose. This risk spawned a

wave of research on assessment of the safe utilization of sludge on land.

Groundwater contamination through the leaching of Cu was initially a concern.
Downward movement of sludge-applied Cu has been monitored in a few studies. Williams
et al. (1987) applied up to 225 mt sludge ha ! annually for an 8-year period and detected
no movement of Cu below 0.3 m. Copper remained in the surface 0.2 m of soil 12 years
after sludge application (84 mt ha ™) in a field study conducted by Anderson and Nilsson
(1972). Sludge-borne Cu did not appear to move into the subsoil in field plots that
received 765 mt sludge ha " and 1070 kg Cu ha ™ over a 14-year period (Dowdy et al.,
1991). Other research has revealed no movement of Cu below the sludge-soil interface
( Robertson et al., 1982; Emmerich et al., 1982). Erosion of Cu-bearing soil particles into
surface waters probably presents a greater water pollution hazard than groundwater

contamination.

Phytotoxicity to crops was an additional concern regarding sludge-applied Cu. Copper,
Zn and Ni accumulate more readily than other sludge constituents in crops and can reach
phytotoxic levels (Smith, 1996). Copper concentrations in crops increased by 56% in more
than 100 crop trials treated with sludge (Vigerust and Selmer-Olsen, 1986). Johnston et al.
(1983) investigated copper toxicity in barley (Hordeum vulgare 1..), ryegrass (Lolium
multiflorum L.), and lettuce (Lactuca sativa L.) grown on sludge-amended plots. They
concluded that it would require 30 years of sludge application at four times the normal
rate to produce phytotoxicity in these crops. Copper phytotoxicity did not occur in corn
grown on three diverse soils where sludge supplied 760 kg Cu ha ' (Rappaport et al.,
1988). The soil under study herein was one of the three soils utilized by Rappaport et al.
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(1988) in their research. In a pathway risk analysis conducted by the USEPA, crop
phytotoxicity was identified as the most limiting route of environmental exposure to Cu in
sludge-treated soil (USEPA, 1992). It has been argued that the limits set for Cu in the
recent 503 Regulation for sludge ( USEPA, 1993b) are overly protective against potential
crop phytotoxicity (Smith, 1996). Chang et al. (1992) determined that the probability of
corn Cu concentrations on sludge-amended soils exceeding phytotoxic concentrations is
<0.0001 for cumulative loading rates of 1550 kg Cu ha "', which is 50 kg ha " above the
503 Regulation cumulative loading rate of 1500 kg ha ™.

Sludge Regulations

Concern in the 1970s over environmental contamination triggered expansive research
on safe and efficient utilization of sewage sludge on land. For the last two decades, the
research efforts of U.S. scientists in this area have culminated in the recent sludge
regulations entitled Standards for the Disposal and Utilization of Sewage Sludge (Code of
Federal Regulations, Title 40, Parts 257 and 503). Landgrant universites, including
Virginia Polytechnic Institute and State University, played an important role in regulation
decisions as they conducted research on the impact of sludge application on crops, soils,
animals, and water quality. The technical information obtained from this research led many

scientists to promote land application of sludge.

The USEPA realized the need for federal guidance on land application of sludge in
1979. The 257 rule was developed to fulfill that need and regulated sludge use on land
until the 503 sludge rule was implemented in 1993. The 257 rule did not address all major
sludge contaminates and regulated cumulative limits only for cadmium. Many states

developed their own regulations as land application of sludge increased.
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Prior to the recent Part 503 sewage sludge regulation, cumulative pollutant loading
rates formed the basis for land application of sludge in Virginia. Virginia adopted the
USEPA recommendation that guidelines for maximum Cu loading of cropland from
sewage sludge application be based on soil cation exchange capacity and a soil pH greater
than or equal to 6.5 (USEPA, 1983). For the soil under study, with a cation exchange
capacity of 12.5 cmol kg !, the maximum safe cumulative sludge Cu application was 280
kg ha ! according to USEPA guidelines (USEPA, 1983) and 250 kg ha " according to
Virginia Sewerage Regulations ( Kelley et al., 1984). In this study herein, a single
application of sludge in 1984 supplied the soil with 760 kg Cu ha ™ at the highest sludge
rate and exceeded both of the recommended maximum loading rates. Soil pH levels at the

time of application and often thereafter were below the recommended pH of 6.5.

USEPA Part 503 sludge regulations are based on the assumptions of very high sludge
application rates and worse case exposure. These regulations set numerical metal limits for
sludge application to cropland (USEPA, 1993b). The ceiling concentration (maximum
allowable) for Cu in any land applied sludge is 4300 mg kg . The ceiling concentrations
for heavy metals were based on the assumptions of a 100-year site life and an annual
sludge application of 10 Mt ha "'. Copper concentration in the sludge applied in this study
was 3654 mg kg !, which is below the ceiling limit for Cu. However, the Cu concentration
did exceed the pollutant concentration limit for Cu of 1500 mg kg . The pollutant
concentration limit is that concentration below which land application of sludge has no
restrictive requirements and management practices. It is also the criteria for high quality
sewage sludge. If the concentration of bulk sludge is below the ceiling, but above the
pollutant concentration level, a cumulative loading limit has been set. The cumulative
loading limit for Cu is 1500 kg ha "', about twice the amount of Cu applied in this study.
An annual loading rate of 75 kg Cu ha ' for containerized sludge was also established by
USEPA Part 503 sludge regulations.
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Management practices for land application of bulk sewage sludge are outlined in Part
503 regulations (USEPA, 1993b). Application is not permitted if there is a likelihood of
adverse effects on threatened and endangered species. Bulk sewage sludge cannot be
applied to flooded, frozen, or snow-covered land or to a site 10 meters or less from U.S.
waters. Whole sludge application rates can not exceed the agronomic rate - a provision to

ensure environmentally safe N levels.

Monitoring requirements are also outlined in Part 503 regulations (USEPA, 1993b).
The frequency of monitoring is based on the amount of bulk or containerized sludge
applied to the land. In all cases, monitoring must be performed at least once a year. After
the sludge has been monitored for two years, the frequency may be reduced by the
permitting authority. Appliers must maintain records on applicable management practices,
cumulative amounts of pollutants applied, and pathogen and vector attraction reduction

measures.

States may either adopt the federal sewage sludge program outlined in Part 503 or
obtain separate USEPA permits (Bastian, 1994). Until the USEPA approves a separate
program, states must comply with Part 503 requirements and state regulatory authorities
and requirements. Section 510 of the Clean Water Act allows states and political
subdivisions of states to enforce standards which are more stringent than those provided in

Part 503.

Copper in Sludge

Local industrial inputs to treatment plants are a major source of Cu in sludge.
Nonindustrialized sludge in Tucson, Arizona is reported to contain considerably less Cu
than sludge from heavy industialized sludge in Chicago, Illinois (Fuller and Warrick,

1985). Stricter controls on industrial discharges have reduced the amount of Cu in sludge.
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Baker and Chesnin (1975) reported that low levels of trace elements enter treatment plants
via food and human wastes, plumbing, and surface runoff. Domestic sources account for
most of the Cu discharge to sewers in the UK, primarily from corrosion of Cu plumbing
systems (Smith, 1996). Critchley and Agg (1986) reported that only 3% of the Cu entering

the sewer system in the UK was from industry.

The Cu content of sludge varies within and between treatment plants. Variation is due
to the number and types of industries in the treatment plant district and the degree of
pretreatment the wastewater receives. Primary treatment of wastewater (mechanical and
physical removal of solids) removes a high percentage of metals from wastewater (Page
and Chang, 1981). Trace metals removed from wastewater effluent are adsorbed onto
sludge particles. Chen et al. (1974) reported a 69% reduction in total Cu content of
effluent with secondary treatment. Bouwer and Chaney (1974) reported a median
concentration of Cu in wastewater after primary treatment of 0.10 mg L ' compared with

a median of 0.04 mg L ! after secondary treatment.

Variability in Cu content of sludges has been documented for a long time. Rudolfs and
Gehm (1942) reported that U.S. sludges contained 160 to 400 mg Cu kg . Kelley et al.
(1984) combined data derived from studies by Page (1974) and Baker and Chesnin (1975)
on metal concentrations in sludge obtained from 300 treatment plants located in Canada,
England, Sweden, U.S., and Wales. Copper concentrations ranged from 52 to 11,700 mg
kg "', with a median Cu content of 500 mg kg ™. In 1989, the National Sewage Sludge
Survey revealed that the mean concentration of Cu in U.S. sludges was 665 mg kg ™

(O’Dette, 1991).

A comparison of fresh and composted sewage wastes revealed that composting of
sludge increases Cu concentration (Ayuso et al., 1996). However, the higher quality of

organic matter in composted sludge seems to offset the Cu increase in sludge. Ayuso et al.
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(1996) concluded that the greater stability of organic matter in composted sludge permits

more complexation with metals.

The chemical forms of Cu in sludge vary. Stover et al. (1976) fractionated metals from
sludge and found Cu to be present in greatest amounts as sulfides, followed by carbonates,
and organically bound forms. Their data indicate that less than 17% of total sludge Cu is
readily available to plants (Kelley et al., 1984). The form of Cu in sludge also influences

the behavior of the metal when placed in the soil-water environment.

Copper was classified as a potential hazard in land application of sludge by the Council
for Agricultural Science and Technology in the 1970s (CAST, 1976). Recent U.S. sludge
regulation contains a “Clean Sludge” provision referred to as Exceptional Quality Sludge,
which deregulates sludge that meets certain requirements. One of the requirements for
“clean sludge” is a Cu concentration below 1500 mg kg ™' (USEPA, 1993b). This
deregulation provides incentive and creates pressure for treatment plants to produce less

contaminated sludge.

Research Needs

Research needs for land application of sludge were identified in the Proceedings of the
1993 National Land Utilization of Sludge Conference (Clapp et al., 1994). These

comments included the need for:

1. long-term studies (decades) on the gradual changes in assimilative capacity of soils that
receive continuous sludge applications,

2. data on pollutant desorption in nonuniform media to support trace element transport
models,

3. a better understanding of the ecological effects of sludge constituents,
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4. more reliable methods of predicting N mineralization rates of sludges, and
5. an update on the magnitude of sludge generation and on the concentration of sludge

constituents.

The USEPA has recognized future research needs for land-applied sludge (USEPA,
1993a). They urge continuing research on factors influencing plant availability of sludge-
borne metals and on development of a model to predict metal uptake. The effects of
different environmental conditions on bioavailability of sludge constituents also require
further investigation. They point out that too small a portion of sludge research has been
conducted under poor management conditions. Unfortunately during the last decade there
has been little federal presence or funding for sludge research. Lack of funds has led to a

decrease in sludge research to address current knowledge gaps.
The author anticipates that the research findings of this study will enhance current
knowledge of land application of sludge and will also be utilized to improve environmental

safety in sludge use. Objectives of this research were as follows:

1. to determine long-term effects of sludge amendment on Cu availability and

adsorption,

2. to ascertain pH effects on Cu adsorption in a sludge-amended soil, and

3. to evaluate corn and sorghum (Sorghum bicolor L.) response to metal toxicity

following sludge application.
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LONG-TERM EFFECTS OF SLUDGE
APPLICATION ON SELECTED SOIL
CHEMICAL PROPERTIES

LITERATURE REVIEW

Introduction

Changes in soil physical and chemical properties in sludge-amended soils occur as the
sludge and soil interact (Guidi and Hall, 1984; Epstein et al., 1976; Tester, 1990;
Giusquiani et al., 1995). These changes may influence availability and adsorption of Cu
and affect crop yield. Much of the research on metal retention focuses on the role of
organic matter. Long-term changes in organic matter content, cation exchange capacity,
and P levels of sludge-amended soils will be addressed in this chapter. The long-term
effect of sludge application on soluble salt levels and their subsequent effect on crop yield

will also be given consideration.
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Organic Matter

The solid fraction of sludge is approximately 50% organic matter (Guidi, 1981).
Sludge organic matter is composed of carbohydrates, proteins, fats, resins, waxes,
cellulose, hemicellulose, and lignin (Guidi, 1981). The organic fraction of soil is the most
chemically active fraction, and strongly affects physical and chemical properties (Bohn et
al., 1985).

Soils often become deficient in organic matter when they are placed in continuous
cultivation. Decomposition of soil organic matter occurs faster with cultivation, and crop
residues return less organic matter to the soil than a full vegetation cover (Hall and Coker,
1983). Sludge additions increase soil organic matter (Epstein et al., 1976); however, Guidi
and Hall (1984) observed that large applications of sludge are required for a detectable
increase in organic matter. They recommend an application of 50 to 100 dry mt ha ! to
increase organic matter sufficiently to improve soil properties. Robertson et al. (1982)
calculated that 150 mt of organic matter (dry matter) were applied in a 335 mt ha ' sludge
application. Total organic C increased two- to three-fold in a silt loam that received 298
dry mt sewage sludge ha ' (Hohla et al., 1978). An increase in organic matter improves
soil structure and air-water relations and increases CEC, pH buffering capacity, and
nutrient status (Bohn et al., 1985). Excessive addition of sludge organic matter can reduce

aeration, create odor problems, and reduce root development (Miller, 1974).

Improvements in water infiltration and water holding capacity are associated with
sludge applied organic matter (Oberle and Keeney, 1994). Soil organic matter can hold 20
times its weight in water (Stevenson, 1982) and, hence, can increase water retention.
Epstein et al. (1976) observed that sludge and compost increased both water content and

retention of a silt loam. Plant available water (between -0.33 and - 15 bar) was 18.5% in
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the sludge treatments versus 12.5% in the control. Water retention and plant available
water increased linearly with sludge compost addition in an investigation conducted by

Giusquiani et al. (1995).

Addition of sludge to soil increases the complexation capacity for metals, although a
reduction in binding strengths has been reported (Karapanagiotis et al., 1991). The affinity
with organic matter is higher for Cu than for other metals. Organic matter is composed of
humic acids and fulvic acids, which interact differently with heavy metals (Smith, 1996).
Humic acids form more stable complexes with Cu?* (Stevenson and Chen, 1991) and are
considered to be an organic storage for many metals (Kiekens, 1984). Chelates formed
with fulvic acids are soluble over a wide pH range, therefore a large percent of soil

solution metals are associated with fulvic acids (Smith, 1996).

Organic matter levels decline as decomposition occurs and the beneficial effects
concomitantly diminish. Soil and environmental conditions affect the rate of sludge
decomposition. Decomposition rate varies with sludge application method (soil
incorporation, deep plowing, etc.) and differs when sludge is applied in repeated small
additions versus a single large addition (Miller, 1974). A certain amount of sludge organic
matter is resistant to decomposition and plays an important role in long-term adsorption
capacity for metals (Petruzzelli et al., 1986). Sposito et al. (1982) examined the fulvic acid
fraction of organic matter in a sludge-amended soil, observed that it was more typical of
sludge-derived material than soil-derived material, and concluded that a certain amount of
sludge organic matter is resistant to degradation. About 23-26% of the total organic
matter from anaerobically digested sewage sludge degraded in a five month incubation
period in a column study (Karapanagiotis et al., 1991). Hohla et al. (1978) applied sludge
for six years and concluded that 60% of the organic carbon had decomposed during that
period. Lime-stabilized sludge appears to be more resistant to decomposition, probably

due to a reduction in microbial activity as a result of increased sludge pH (Morel and
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Guckert, 1983).

The stable fraction of the soil organic matter that remains after the major portion of
residues have decomposed is humus. Humus plays an important role in the retention of
heavy metals. The surface area and cation exchange capacity ( at high pH) of humus
colloids generally exceeds that of silicate clays. Humus buffers plant availability of trace
elements through chelation, forming stable complexes with Cu ?* and other polyvalent
ions (Bohn et al., 1985). Koskella (1983) compared the contribution of 0, 50, and 100 dry
ton sludge ha™ to the humus content of a sandy clay soil. After seven years, the soil
humus content was 124.0, 140.9, and 151.4 g kg !, respectively, for the 0, 50, and 100

dry ton rates.

The long-term effect of organic matter decomposition on metal availability in sludge-
amended soils has been debated. Beckett and Davis (1979), in what is known as the ‘time
bomb theory’, speculate that even if pH is maintained at an acceptable level, availability of
sludge applied metals will increase as sludge-supplied organic matter decomposes.
Research has shown that heavy metals revert to an unavailable form over time (Chaney,
1973), although this reversion has not been universally demonstrated in sludge-amended
soil (Smith, 1996). Metal availability does not increase over time if soil pH is held constant
(Smith, 1996).

Cation Exchange Capacity

The cation exchange capacity (CEC) is the sum total of exchangeable cations that a soil
can adsorb. The negative charges responsible for cation exchange arise from the
dissociation of H" from functional groups of organic matter, isomorphous substitution in
layer silicate minerals, and deprotonation of both hydroxyl groups on mineral edges and

exposed AIOH groups (Sparks, 1995). It is not a fixed quantity because it is dependent on
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soil pH, ionic strength, and the specific ions involved. Cation exchange capacity increases
with an increase in soil pH due to ionization of hydroxyl groups on clay edges and hydrous

Al and Fe oxides and dissociation of functional groups in organic matter (Sparks, 1995).

Cation exchange capacity is one of the soil properties that influence the retention and
toxicity of heavy metals in sludge-amended soils ( Smith, 1996).The strength of the link
between CEC and metal bioavailability has been debated. Latteral et al. (1975) examined
sludge-borne metal uptake by soybeans as a function of soil CEC and noticed no
difference in the uptake of Cd, Cr, Cu, Pb, and Zn with an increase in CEC. King (1988)
evaluated metal retention by several soils of the Southeastern United States. He concluded
that Fe oxides and clay content would be better parameters than CEC for deciding metal
limitations in southeastern soils. Korcak and Fanning (1985) investigated heavy metal
availability as a function of soil type and reached the conclusion that low CEC soils were
as suitable as high CEC soils for sludge application. Chang et al. (1983) observed a
relationship between soil CEC and the retention and plant uptake of metals . Previous U.S.
sludge regulations established heavy metal limits that were based on soil CEC (USEPA,
1983). The cumulative loading rates for Cu at a soil pH > 6.5, were as follows: CEC < 5:
140 kg ha ™'; CEC 5 to 15: 280 kg ha ; and CEC > 15: 560 kg ha . Use of CEC for
metal limitations was abandoned in the 503 Regulations (U.S.E.P.A., 1993).

Phosphorus Levels

The concentration of P in sludge is much higher than in other organic materials
(Byrom and Bradshaw, 1991). The ratio of organic matter to P is very narrow in sludge
(10:1) in comparison to cow slurry (100:1) and other organic fertilizers (Furrer and
Stauffer, 1983). During wastewater treatment, FeCl, or Al,(SO,); is added to precipitate
P, increasing sludge P concentration (Peterson et al., 1994). The P content of sludge and

sludge composts ranges from 10 to 40 g kg™ (Epstein et al., 1976), with an average of 22
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g kg ! in dry sludge solids (Smith, 1996). One hundred m® of sludge with 3% solids
contains approximately 68 kg of P (Peterson et al., 1994).

Sludge contains both organic and inorganic forms of P. Sources of organic P include
microbial tissue, plant residues, and metabolic by-products of living organisms (Loehr et
al., 1979). Inorganic phosphates come from detergent residues and fertilizers. Organic

forms of P predominate and are slowly mineralized in the soil (Loehr et al., 1979).

Sewage sludge often contains similar amounts of available N and total P (Peterson et
al., 1994). In Virginia, the average P content of sludge is almost double that of available N
content (Simpson et al., 1984). Sludge application rates are usually based on the next
crop’s requirement for available N (Smith, 1996). The N requirement for corn grain (for a
yield of 8780 kg ha ') is 179 to 202 kg ha ™' (Simpson et al., 1984). The recommended P
amendment for corn grain in a soil testing low for P is 90 to 134 kg ha ™ ; for a soil with a
high P level, only 22 to 45 kg P ha " are recommended (Donohue and Heckendorn,
1994b). Therefore P is applied in excess of crop needs and accumulation occurs at normal
sludge application rates (Peterson et al., 1994). Furrer and Gupta (1985) applied a heavy
rate of sewage sludge, which supplied a mean annual P rate of 329.4 kg ha ', for a 8-year
period to a silty clay loam which was in a corn-wheat (7riticum aestivum L.)-clovergrass
(Trifolium species) rotation. This application rate led to a serious P accumulation in soil,

1.e., approximately 86% of the applied P was not taken up by the crops.

The major environmental concern with sludge applied P is eutrophication in surface
waters from erosion of soil P. Downward movement of P is restricted by reactions with
soil, therefore leaching of P is unlikely to cause groundwater pollution (Peterson et al.,
1994). If sludge P rates were limited to crop removal (approximately 33 kg P ha '), eight

times more acreage would be required for sludge application (Peterson et al., 1994).
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Studies have shown that excess sludge applied P does not adversely affect crop yield
or composition (Corey, 1992; Peterson et al., 1994). The (Al + Fe) to P ratio in sludge
affects P solubility and therefore the P concentration in crops (Peterson et al., 1994).
Corey (1992) investigated the effect of (Al + Fe) to P ratio of sludge on P concentration in
soybeans. It was observed that the higher the (Al + Fe) to P ratio, the lower the P
concentration was in plant tissue, which was attributed to precipitation of the P by Al and
Fe. The P-induced Zn deficiency that normally occurs at high P levels is not a problem

with sludge application, since sludge supplies Zn (Peterson et al., 1994).

Phosphorus in the soil is rendered relatively insoluble by a variety of fixation and
precipitation reactions (Sanyal and DeDatta, 1991). The species of P is influenced by soil
pH as follows (Lindsay and Moreno, 1960): at pH 2.0-6.5 H,PO," is dominant, at pH 6.5-
12.5 HPO, * predominates, and at pH > 12.5 PO, * is dominate. In very acid conditions,
Fe, Al, and Mn are very soluble and react with H,PO,’, forming an insoluble precipitate
(Lindsay and Moreno, 1960). The ion also reacts with Fe and Al oxides and hydroxides in
acid soils and is fixed into unavailable form (Brady, 1990). Under moderately acid
conditions, phosphates are also fixed by kaolinite. Precipitation of insoluble calcium
phosphates occurs in the alkaline range. The availability of P for crop uptake and leaching
is at a maximum between pH 6 and 7 (Brady, 1990). Phosphorus availability decreases
over time with sorption, i.e., adsorbed P penetrates by diffusion into calcium carbonate
and Fe and Al oxides, leading to further adsorption of P ( Sanyal and De Datta, 1991).
Formation of the most insoluble P compounds does not occur with continuous sludge
application, therefore resting periods between applications will increase P retention (Loehr

et al, 1979).
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Soluble Salts

A large amount of wastewater salts are removed with the effluent, therefore soluble
salt levels in sludge are usually low (Stewart and Meek, 1977). The salt content of sludges
varies and is affected by dilution with water. The simplest way to determine the soluble
salts content of sludge is to measure the electrical conductivity of the sludge mixture. Salt
content can also be determined by analysis of the sludge constituents. The sum of Ca, K,
Mg, and Na is approximately half of the total salt content (Stewart and Meek, 1977).
Vlamis and Williams (1971) analyzed sewage sludge in Georgia and found it contained
the following (g kg ! dry weight): Na (3.9), K (7.4), Ca (34.3), and Mg (6.4). Cavallaro et
al., 1993) analyzed two batches of a Puerto Rican municipal sludge and reported the
following range (g kg ):0.9to0 1.6 Na, 1.3 t0 3.6 K, 15.0 to 42.6 Ca, and 3.7 to 5.2 Mg.

Even though sludge salt content is usually low, high applications of sludge can increase
soil salinity to a level detrimental to plants. Sludge application rates exceeding 80 mt ha ™
can adversely affect salinity-sensitive crops (Epstein et al., 1976). Epstein et al. (1976)
applied sludge at rates ranging from 40 to 240 mt ha ™. The electrical conductivity of the
soil was 2.5, 4.7, 5.2, and 5.5 dS m ", respectively, at sludge rates of 40, 80, 160, and 240
mt ha . Plant growth can be adversely affected at EC values above 2 dS m ! (Bernstein,

1964).

The salinity hazards encountered most often in waste application to cropland are
excess total salts and high Na levels (Stewart and Meek, 1977). Water availability is
decreased if excess soluble salts are present in soil (Keeney and Wildung, 1977). The free
energy of soil solution water is lowered under high salinity conditions, making it difficult
for plant roots to extract soil water (McBride, 1994). Excess Na has a detrimental effect

on soil structure and decreases infiltration (Keeney and Wildung, 1977). Sodium disperses
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clays and organic colloids, which clog soil pores and reduce percolation (McBride, 1994).
Poor structure in dispersed soils can result in surface crusting, cementation, and soil
erosion (McBride, 1994). There is generally a good balance between Ca, K, Mg, and Na
in organic wastes, therefore the primary hazard in soil application of these wastes is total

salts rather than Na (Stewart and Meek, 1977).

Crop germination and growth can be adversely affected by excess total salts, therefore
root zone salinity should be a consideration in crop selection (Stewart and Meek, 1977,
Guidi et al., 1983).The major root activity of row crops occurs below the furrow, which is
less saline than soil surfaces (Richards, 1969). In general, crop responses to salinity at the
following soil EC values (dS m ™ at 25° C ) are: 0 to 2: effects are negligible; 2 to 4: yields
of sensitive crops are restricted; 4 to 8: yields of many crops are restricted; 8 to 16: only
salt tolerant crops have satisfactory yields; and >16: only a few very salt tolerant crops
have satisfactory yields (Bernstein, 1964). Salt sensitive crops include beans (Phaseolus
vulgaris L.), lettuce (Lactuca sativa L.), and onions (Allium sepa L.) (Bernstein, 1964).
Barley (Hordeum vulgare L.), cotton (Gossypium hirsutem), and bermudagrass (Cynodon
dactylon L.) are very salt tolerant (Bernstein, 1964). Some crops such as sugarbeet (Beta
vulgaris L.) are very tolerant of salts in their later growth stages, but are very sensitive at

germination (Bernstein, 1964).

Symptoms of salt toxicity were accompanied by a reduction in growth and shoot N in
soybeans (Glycine max L.) grown with sludge application rates above 200 mt ha ! (Abd
El-Hay, and Angle, 1994). Maas and Hoffman (1977) reported that grain corn yields begin
to decline at a salinity threshold level of 1.7 dS m !, with a 12% yield decrease for each
unit increase in salinity beyond the threshold. Salinity effects on corn and sorghum yields
as reported by Stewart and Meek (1977) and adapted from research by Bernstein (1964)

are as follows:
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Table 1. Approximate effect of salinity on corn and sorghum yields (Bernstein, 1964).

Salinity EC
Yield Reduction Comn Sorghum
% dSm™!
10 5.5 6.0
25 6.1 9.0
50 7.2 12.2

Plants grown under high salt conditions may be stunted with a noticeable blue green
coloration (Richards, 1969). The color is a result of a waxy coating on leaf surfaces and an
increase in leaf chlorophyll content (Richards, 1969). Symptoms such as necrosis, tipburn,
and firing of the margins are visible on some salt-affected plant species (Richards, 1969).

Soluble salts leach from sludge over time. The most hazardous salts, Na and K, are
very soluble and readily leached ( Stewart and Meek, 1977). However, a portion of the
salts in sludge is not initially soluble and is released later during decomposition. A rise in
salinity occurs during decomposition, as Ca and Mg are released and organic N is

converted to inorganic forms (Stewart and Meek, 1977).

The basic principles of salinity management should be applied when amending cropland
with sludge. One of the most important considerations is soil texture. Increases in salt
levels influence the electrical conductivity (EC) of sandy soils more than that of clay soils.
Stewart and Meek (1977) reported that the application of 30 mt ha ! of waste containing
7.5% salt would result in an EC value of 3 dS m ™ in a fine textured soil and an EC value
of 6 dS m ! in a sandy soil. Salinity buildup in clay soils is greater though, because salts
leach more easily from sandy soils. The initial salt content of soils with very low

infiltration rates is high. If a soil has a restrictive surface layer, addition of organic wastes
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can improve the infiltration rate, counteracting some of the salinity. Under nonirrigated

conditions, an annual application of 40 mt ha ' of organic wastes can be made without

salinity buildup, if 10 cm yr ™' of water moves through the soil profile (Stewart and Meek,

1977). Most of the eastern United States has > 10 cm yr ™ of leaching water, therefore

salt buildup is unlikely to occur unless waste application rates are high (Stewart and Meek,

1977).
Stewart and Meek (1977) developed the following guidelines for the prevention of

salinity problems from organic waste application:
1) Determine soluble salt content of wastes prior to application.
. 2) Apply wastes prior to seeding to allow for leaching of salts.
3) Apply wastes at rates that do not exceed the nutrient needs of the crop.

The objectives of the research presented in this chapter are:
1. To determine long-term effects of sludge application on organic matter content,

2. To ascertain changes in CEC over time following sludge amendment,

3. To determine the long-term contribution of sludge application to soil P levels, and

4. To determine long-term soluble salts levels following sludge application.
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MATERIALS AND METHODS

Long-term field experiments were initiated on four research sites in 1984 to determine
metal availability in sludge-amended soils. Initial research was conducted by Dr. B.D.
Rappaport at Virginia Polytechnic Institute and State University. Experimental results
from this research are reported in his dissertation entitled “Availability and Distribution of
Heavy Metals From Sewage Sludge in the Plant-Soil Continuum” (Rappaport, 1986).
Rappaport’s research findings were published (Rappaport et al., 1987, 1988 ) and are
discussed in Chapters 2 and 3 of this research dissertation. Residual research on the site
was conducted by the author from 1992 through 1995. Comparisons are made between
chemical properties determined by Rappaport (initial field experiment) and by the author

(residual field experiment).

Site Characteristics

The site is located on the Northern Piedmont Agricultural Research and Extension
Center in Orange, Virginia. The experiment is located at the latitude longitude coordinates
of 38 14 43N - 078 06 40W (Abate, 1991) and at an elevation of 157 m (Donohue et al.,
1984). The site lies in the Piedmont physiographic region - an area of land approximately
one thousand miles long with a north to south orientation. The geology of this region is
characterized by a peneplain landscape underlain by deep saprolite formed from largely
metamorphosed Paleozoic and Precambrian rock. Most of the soils in this region are

residual, i.e., formed in place by the mixing of saprolite and organic matter.
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The climate of the Piedmont physiographic region is fairly homogeneous. The growing
season in the Piedmont, south of New Jersey, averages at least 180 frost-free days per
year, with an average temperature of 21° to 27°C. The growing season for corn in the
Piedmont runs from late April to late September. The length of the growing season at the
Northern Piedmont Agricultural Research and Extension Center is 189 days (Donohue et
al., 1984). Over the long term, precipitation is not a limiting factor for plant growth,
averaging between 100 to 125 cm per year (Godfrey, 1980). Fifty-five to 60 % of that
precipitation falls during the growing season. Mean annual precipitation and average
monthly temperatures during the growing season at the Northern Piedmont Agricultural
Research and Extension Center from 1961 to 1990 were reported by S.T. Reed (1993).
The mean annual precipitation during the growing season for the 30 year period was 59.2
cm. Average daily maximum and minimum temperatures during the growing season
ranged from a maximum of 19°C in April to 30°C in July and and a minimum of 5.8°C in
April to 18.3°C in July. Climatological observations at the Northern Piedmont

Agricultural Research and Extension Center for this research period are reported in Tables
2-4.

Table 2. Precipitation (rainfall and melted snow in cm) at the Northern Piedmont
Agricultural Research and Extension Center for the years 1992 through 1995.

Jan Feb |Mar [ Apr |May |June |July | Aug | Sept | Oct | Nov | Dec

1992 | 4.1 6.2 8.1 6.7 | 136 | 123 | 69 70 ]10.2 33 | 144 | 133

1993 [ 94 66 (213 | 112 8.8 56 | 55 88 | 62 57 162 | 94

1994 | 106 | 11.7 | 20.8 5.0 22 47 (238 | 114 | 93 34 3.8 49

1995 | 10.5 3.6 6.4 37 1122 292 | 115 1.2 8.9 157 | 103 5.6
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Table 3. Mean daily maximum temperatures (°C) at the Northern Piedmont Agricultural
Research and Extension Center for the years 1992 through 1995.

Jan Feb Mar | Apr | May | June | July | Aug | Sept | Oct Nov | Dec

1992 [ 7.8 98 |113 |19.1 (209 |251 |298 |267 [242 |182 | 123 7.4

1993 | 7.9 6.8 91 | 179 |[244 (282 |318 [298 |[318 [193 | 138 7.0

1994 | 2.7 7.9 13.1 | 228 (228 (302 |297 (274 |247 |191 |16.1 | 10.2

1995 | 6.6 5.5 148 (184 |21.7 | 266 (313 |306 [252 (216 |104 6.2

Table 4. Mean daily minimum temperatures (° C) at the Northern Piedmont Agricultural
Research and Extension Center for the years 1992 through 1995.

Jan Feb Mar | Apr | May | June | July [ Aug | Sept | Oct Nov | Dec

1992 | -29 |-16 07 | 64 103 | 145 (196 [163 | 140 | 5.7 34 |-14

1993 | -1.7 | -36 |-03 5.7 123 [ 16.1 (201 | 183 | 149 | 62 26 24

1994 | -64 | -2.6 1.2 7.8 9.7 179 | 193 | 164 | 126 | 4.6 4.0 -0.2

1995 | -24 | -54 14 4.6 109 | 168 | 196 | 193 | 140 8.1 -0.1 -4.4

Soil

The field plots were located on a Davidson clay loam (clayey, kaolinitic, thermic,
Rhodic Kandiudults). This is a highly weathered soil formed from greenstone rocks on
uplands in the Piedmont. Profile characteristics vary among the phases of the Davidson
series. The following profile description is typical for a Davidson clay loam, ranging from 2
to 15% slope ( Carter et al., 1967, USDA, 1985). Soils of the Davidson series are deep
and well drained, with a root zone extending to a depth of approximately 1.52 m. Natural

fertility is medium and organic matter content is moderate (20 to 30 g kg ). The Davidson
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soil is commonly medium acid (5.6 to 6.0) to strongly acid (5.1 to 5.5) throughout.
Permeability is moderate -1.5 to 5.0 cm hr ™ . The available water capacity is moderate -
approximately 15 to 23 cm for a 1.52 m soil profile. The typical surface horizon of a
Davidson clay loam is a reddish-brown to dark reddish brown clay loam, averaging 10 cm

thick. The subsoil is a dark red clay up to 254 c¢m thick.

The Davidson series soil is well suited for crop production when limed and fertilized
according to soil tests and has been rated above average in yield (Donohue and Hawkins,
1979). The Virginia Land Use Evaluation System (VALUES), which employs water
quality oriented nutrient management, places this soil in Soil Management Group N

(Donohue and Heckendorn, 1994b), with a realistic corn grain yield of 8150 kg ha ™.

Initial Field Experiment

A single application of aerobically digested sewage sludge was applied in 1984. Sewage
sludge for field experimentation was obtained from a wastewater treatment plant in
Bristol, Va which received major industrial inputs. The water content of the sludge (105°
C) was 370 g H,O kg "'. The sludge contained 16.0 g organic N, < 8 mg inorganic N,
31.7gP, 1.1gK, 21.5 mg Cd, 3654 mg Cu, 206 mg Ni, and 2982 mg Zn kg™ on a dry
weight basis. The pH of the sludge was 6.2.

Soil samples were taken from the 0- to15-cm layer of each plot prior to sludge
application. The samples were air dried and ground to pass a 2-mm sieve. Soil pH
was determined in a 1:1 soil/water suspension after a 1 hour equilibration period (McLean,
1982). A pipet method (Day, 1965) was used to determine particle size distribution.
Cation exchange capacity (CEC) was measured by Ca saturation with subsequent

displacement by Mg in acetate solutions buffered at pH 7.0 (Rich, 1961). Tamm’s solution
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(0.1 M oxalic acid and 0.175 M ammonium oxalate, pH 3.25) was used to extract
noncrystalline and crystalline Al, Fe, and Mn under ultraviolet light as described by
Samprath (1980). Aluminum, Fe, and Mn were determined by atomic absorption
spectrophotometry. Mineralogical analyses were performed with clay fraction separation

as described by Jackson (1979) and x-ray diffraction analysis.

Chemical and physical properties of the soil prior to sludge application were as
follows (Rappaport et al., 1988).The particle size distribution was 15.3% sand, 47.1% silt,
and 37.6% clay. The soil contained high levels of crystalline and noncrystalline Al, Fe, and
Mn - 2430, 9070, and 80 mg kg , respectively. The mineralogy of the Ap horizon was
dominated by kaolinite . The mineral suite contained 68% kaolinite, 14% hydroxy
interlayered vermiculite, 5% both montmorillonite and regularly interstratified mineral, 3%
quartz, 2% both mica and feldspar, and 1% gibbsite. The pH of the soil was 6.3,
considerably above the native pH of the Davidson series (Carter et al., 1967). The level of
organic matter (18 g kg ') was medium for Virginia soils (Donohue and Heckendorn,

1994b). The cation exchange capacity was 12.5 cmol kg .

Sewage sludge was incorporated to a 20 cm depth at rates ranging from 0 to 210 mt
ha, i.e., from O to 760 kg Cu ha ™! (Table 5). The treatments were applied in
quadruplicate in a randomized complete block design. Controlled lateral flow plots were
constructed to isolate the soil volume of each plot in the following manner: a 20 cm wide
ditch was excavated to a 0.9 m depth, aluminum flashing was placed around the plots, and
the soil blocks were wrapped with 254 um polyethylene film, which was cut 20 cm above
the soil and wrapped over the aluminum flashing. The controlled lateral flow plots

measured 2.3 X 1.5 m and were 0.9m deep.
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Table 5. Amounts of heavy metals applied to soil from sewage sludge application
(Rappaport et al., 1988).

Dry sludge Cd Cu Ni Zn
application
Mt ha ! kg ha !

0 e e e e
42 0.9 153 8.6 125
84 1.8 304 17.2 248
126 2.7 456 258 372
168 3.6 608 344 496
210 4.5 760 43.0 620

“Pioneer 3192" corn was planted in the spring of 1984 and grown at a population of
57,300 plants ha . The control treatment received 200 kg N ha ™ as NH,NO, and 20 kg P

ha " as triple superphosphate. All treatments received 55 kg K ha ™! as muriate of potash.

Residual Field Experiment

No further sludge was applied on the plots. “Pioneer 3136" corn was planted from
1991 through 1995. In 1994, drought (Table 2) caused crop failure and corn was replaced
by a more drought tolerant crop, i.e., by “Softened Dekalb 41 Y’ sorghum. The
experimental area received an annual application of 1.12 t ha ™ of 16-8-8 fertilizer prior to
planting. A sidedressing of N was applied when necessary. Lime was applied in 1989 to

raise pH levels, but not thereafier.
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Soil samples were collected from the Ap horizon (0 to 15 cm) of each plot. Soil pH
was determined in water with a 1:1 soil/solution ratio after an equilibration period of 15
minutes to 2 hours (Donohue and Heckendorn, 1994a). Soil organic matter was
determined by a modified Walkley-Black method (Donohue and Heckendorn, 1994a;
Walkley and Black, 1934). Phosphorus was extracted with Mehlich No. 1 extractant
(0.05N HCl in 0.025N H,S0O,) and analysed by an ICP (inductively coupled plasma
spectrometer) procedure (Donohue and Heckendorn, 1994a). Soil CEC was measured by
atomic absorption spectrometry after saturation with 0.5 M Ca acetate (pH 7.0) followed
by displacement with 0.5 M Mg acetate (pH 7.0) (Rich, 1961). Soluble salts were
determined by electical conductivity measurements in a 1:2 soil/water suspensions

( Donohue and Heckendorn, 1994a).

Soil organic matter, cation exchange capacity, Mehlich-1 extractable P, and soluble
salts data were evaluated by analyses of variance and by the least significant difference
(LSD) test (Steele and Torrie, 1980). The 0.05 level of probability was chosen for these
statistical techniques. The relationship between organic matter and cation exchange

capacity was determined by Pearson correlation coefficients.
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RESULTS AND DISCUSSION

Soil pH

The pH of the soil prior to sludge application in 1984 was 6.3 (Rappaport et al., 1988)
and was limed prior to planting to bring it to the USEPA recommended level of > 6.5 at
that time for sludge-amended soils (USEPA, 1983). By early corn silk in 1984, the pH had
dropped (Table 6 ) and continued to drop until lime was applied in 1989. No further

amendments were used to adjust soil pH and the soil became more acidic.

Soil pH values in 1995 were much lower than in 1994 and unusually low for a
Davidson series soil (Table 6). The 1995 pH analysis was repeated with the same
methodology, with no more than 0.1 difference in pH units between any of the readings in
the two analyses (Table 7). A salt effect was suspected as the reason for the unusually low
pH. Soil pH can decrease more than 1 unit with an increase in salt concentration (McLean
and Brown, 1984). Salt concentrations affect soil pH through cation exchange. Cations of
salts displace H ions and exchangeable Al. There is an increase in H ions in solution upon
hydrolysis of the displaced Al resulting in a lower pH (McLean, 1982). Possible sources

of salts in soil include fertilizer residues and microbial decomposition of organic matter.

Normally leaching prevents salt accumulation in humid areas, but a temporary salt
buildup could occur during a period of limited rainfall. The soil was leached with 125 ml
of distilled water prior to pH determination and levels were 0.4 to 0.5 units higher in the

leached soil (not shown). Leaching of soil prior to pH determination is not a
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recommended practice; however the use of 0.01AM CaCl, has been recommended for pH
determination of soils with salt content (Schofield and Taylor, 1955; Woodruff, 1967).
The substitution of 0.01 M CaCl, for distilled water masks differences in salt concentration
without displacing large amounts of H or Al ions (McLean, 1982). Determination of pH
was repeated, using the original method except for the substitution of 0.01 M CaCl, for
distilled water. The pH levels were 0.3 to 0.5 units lower than those obtained with distilled
water (Table 7). The lower pH was expected as studies have shown that 0.01 M CaCl, pH
measurements are 0.4 to 0.6 units lower than those measured in water (McLean and

Brown, 1984).

Table 6. Soil pH in the sludge-amended soil experiment from 1984 to 1995.

Sludge Rate Soil pH

Mt ha ! 1984 1988 1989 1992 1993 1994 1995
0 576* 5.4b 5.8b 5.3b 5.4c 5.3b 4.4b

42 6.0a 5.7a 6.2a 5.4ab 5.7b 5.6a 4.9a

84 58ab 58a 6.0ab 5.4ab 5.8ab 5.6a 4.8a

126 5.9a 5.7a 6.2a 5.6a 5.9a 5.7a 4.9a
168 5.9a 5.8a 6.2a 5.5a 5.8ab 5.7a 49a
210 5.9a 5.8a 6.1a 5.5a 5.8ab 5.7a 4.9a

* Column means followed by different letters are significantly different at the 0.05
probability level.
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Table 7. Comparison of 1995 soil pH readings for the sludge-amended experiment with

different methods.
Sludge Rate Soil pH

Mt ha ! Initial/ distilled H,0  Repeat/ distilled H,0  Repeat/0.01 M CaCl,

0 44 4.5 42

42 49 49 44

84 438 438 44

126 49 49 44

168 49 4.9 4.5

210 4.9 49 45

In every year, soil pH in the control treatment was lower than in the sludge treatments
(Table 6). This suggests that sludge amendment had an effect on soil pH. The increased
organic matter would have increased the buffering capacity of the sludge-amended soils,
therefore lime should have had more of an effect on the control soils. A lower pH in the
sludge treatments was expected since organic acids produced during organic matter
decomposition and nitrification acidify the soil. The pH of the sludge (6.2) was probably
not high enough to have a long-term effect on soil pH; however, if the sludge contained

high amounts of bases the overall effect could be an increase in soil pH (Coker, 1978).

Organic Matter Content

Soil organic matter increased with sludge application rate (Table 8 ). Soil organic
matter also increased in a 20-year study in which a cumulative total of 224 mt sludge ha ™
was applied to soil cropped with corn ( Clapp et al., 1994). Soil organic matter levels were

5 to 14 g kg ™ higher in their sludge treatments than in the control treatment. In this study,
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levels at the highest sludge rate were 17 to 21 g kg™ higher than in the control.

Table 8. Long-term effect of sludge application on soil organic matter.

Soil Organic Matter
Dry Sludge Application 1992 1993 1994 1995
Mt ha™! gkg™
0 22.3d* 21.0c 23.5¢ 23.0d
42 24.5d 243c 28.0de 25.0d
84 28.3c 28.0b 31.8cd 29.3¢
126 33.3b 29.3b 36.3bc 32.3bc
168 37.5a 353a 39.0ab 36.0ab
210 40.0a 38.0a 43.8a 39.0a

* Column means followed by different letters are significantly different at the 0.05
probability level.

Soil test calibrations for organic matter were as follows: low: 0 to 9; medium: 10 to 19;

high: 20 to 29; and very high: >29 g kg ' (Donohue and Heckendorn, 1994b). Organic
matter levels were very high at sludge rates of 126 to 210 mt ha ™. The organic matter
was in the high range for the control and 42 Mt sludge ha™ treatments and bordered
between high and very high for the 84 Mt ha™ sludge treatment.

Cation Exchange Capacity

Soil CEC was measured in 1995 to determine the long-term effect of sludge
application on residual CEC. The CEC method used by Rapppaport (Rich, 1961) was
chosen for comparison purposes. Except at the highest sludge rate, CEC values were

below the 12.5 cmol kg ™ reported by Rappaport for CEC prior to sludge application
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(Table 9 ). Differences in technique, pH, and sample could be responsible for the variation
between 1984 and 1995 CEC values. Determination of CEC in acid soils is complicated by
their variable charge and the high amount of Al-hydroxy cations, which are difficult to
exchange (Rhoades, 1982). The method of Gillman (1979), recommended for acid soils,
would have been a more appropriate method for measuring both initial and long-term
CEC. In Gillman’s method, unbuffered solutions are used throughout to ensure that the
natural pH of the soil is not altered. This provides a better estimate of the exchange
capacity of the variable charged matrices in highly weathered soils (Rhoades, 1982). The
pH of the soil at the time Rappaport measured CEC was 6.3, considerably above the pH
values of the 1995 soil (Table 6 ). Gilman’s method would have provided a better
comparison between initial and residual CEC, however, the method by Rich (1961)
probably was required for CEC determination when CEC was included in the USEPA
guidelines for sludge application.

Table 9. Long-term effect of sludge application on residual soil cation exchange capacity.

Dry Sludge Application Soil Cation Exchange Capacity
Mt ha ! cmol kg ™
0 10.4d*
42 10.6¢d
84 11.2bcd
126 11.8bc
168 12.2ab
210 13.2a

* Column means followed by different letters are significantly different at the 0.05
probability level.
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The CEC increased with level of sludge application (Table 9). Epstein et al. (1976)
observed a similar trend in a study in which they applied sludge at the rates of 40 and 240
mt ha™ on an Aquic Hapludult soil. The CEC at their highest sludge rate increased almost
threefold ( from 5.5 to 15.4 cmol kg ™ ) in one month. It decreased to 8.7 cmol kg
within two years, but remained higher than in the control. The increase in CEC was
attributed to the increase in organic matter supplied by the sludge. Soil CEC
increased in proportion to the amount of organic-C remaining in the soil after termination
of sludge applications when 232.5 mt sludge ha " were applied over a five year period
(Hinesly et al., 1979). The coefficient of correlation between CEC and soil organic-C
concentrations in their study was r = 0.78. A positive correlation (r = 0.69, P = 0.0002)

was also observed between CEC and organic matter in this study.

The clay complex of soils that are dominated by kaolinite, such as the soil under study,
has a low CEC, ranging between 5 and 20 cmol kg . Most of the CEC in this soil arises
from negative charges in kaolinite, organic matter, and hydous oxides of Fe and Al. The
total negative charge and the percentage that is pH dependent, respectively, in colloids is
as follows: kaolinite (7 cmol kg™, 57%); organic colloids (240 cmol kg !, 75%), gibbsite
(6 cmol kg™, 100%); and goethite (4 cmol kg ', 100%) (Brady, 1990). This variable, pH
dependent charge, is generally high at high pH and low at low pH.

Phosphorus Levels

The sludge contained 31.7 g P kg ™ on a dry weight basis, supplying the soil with up to
6657 kg P ha "' (Table 10). Available P was extracted from the soil with a mixture of
dilute HCI and H,SO, - a method developed by Nelson et al. (1953) and referred to as the
Mebhlich -1 method. The mixed acids are effective for extracting P from soils which fix P
strongly and the results correlate well with plant response (Olsen and Sommers, 1982).

Soil test P levels were calibrated as follows: Low - 0 to 6 , Medium - 6 to 18, High - 18 to
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55, and Very High - >55 mg kg ' (Donohue and Heckendorn, 1994b). All sludge
amended plots had P levels in the High to Very High range, compared to the control
which remained in the Medium to Medium High range (Table 10). Fertilizer
recommendations for grain corn based on calibrations for the Mehlich-1 procedure are as
follows: Low- 39 to 59, Medium- 20 to 39, High- 10 to 20, and Very High - 0 kg P ha !
(Donohue and Heckendorn, 1994b).

Extractable P increased with level of sludge application (Table 10). This increase has
also been observed with a variety of different P extractants. Cavallaro et al. (1993)
observed that dilute acid-flouride extractable P increased by 2 to 19% when sludge P was
added to an Ultisol. Bray-extractable P increased from 10 mg kg in a control treatment
to 253 mg kg™ in a 240 mt sludge ha™ treatment in a study by Epstein et al. (1976). In a
fractionation study by Chang et al. (1983) the concentration of soil P in every chemical

fraction increased with sludge addition.

Table 10. Long-term effect of sludge application on Mehlich-1 extractable soil P levels.

Mehlich-1 extractable soil P

Sludge Rate Sludge Applied P 1992 1993 1994 1995
Mt ha™ kg ha ™! mg kg !

0 0.0 17.1f* 25.4e 20.1f 23.1f

42 13314 27.4e 35.6e 373e 33.6e

84 2662.8 41.9d 53.6d 61.2d 49.4d

126 39942 63.5¢ 68.6c 79.3¢ 68.4c
168 5325.6 73.9b 89.9b 101.5b 78.3b
210 6657.0 91.9a 112.5a 115.0a 92.7a

* Column means followed by different letters are significantly different at the 0.05
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The availability of sludge P is high, even in soils with high P-fixing capacity
(McLaughlin and Champion, 1987). The higher availability of P in the sludge-amended soil
is attributed to its higher organic matter content (Table 8). The increase in P availability
from the decomposition of organic matter has been explained by replacement of phosphate
on exchange sites by organic anions and by the reduced P-fixing capacity of soils in which
sesquioxide particles have been coated by humus (Nagarajah et al., 1970; Lopez-
Hernandez et al., 1986; Hue, 1991). Certain organic anions form stable complexes with Fe
and Al and are not easily displaced by other anions (Hue, 1991). The soil in this study
contains high amounts of amorphous and crystalline Fe and Al (42,500 mg kg "' Fe and

4,740 mg kg ™ Al), therefore organic anion complexes would be likely to form.

Corey (1992) applied 22.3 mt sludge ha ' (3800 kg P ha ') on a clay soil with high P
availability and reported no significant increase in the P concentration of corn ear leaf and
grain and only a slight increase (8 g kg ') in the P content of sorghum-sudan (Sorghum
bicalor L. Moench). Phosphorus concentrations in corn grain and stover were unaffected
by applications of anaerobically digested sludge at rates supplying up to 1,600 kg N ha !
(Soon et al., 1978).

It is doubtful there was much downward movement of sludge applied P for the
Davidson soil under study. Robertson et al. (1982) applied 335 mt sludge ha " to an
Ultisol , supplying 4,801 kg P ha ', and observed that the majority of P remained in the
top 90 cm of the soil. King and Morris (1973) applied 40 cm of liquid sewage sludge to a
sandy clay loam and concluded that water pollution from leaching of sludge P is unlikely.
Their conclusion was supported by the absence of sludge treatment effect on the dilute

acid extractable P content of the 15- to 45-cm layer of soil.
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Soluble Salts

The soluble salt content of the applied sludge and of the soil during the initial field
experiment was not determined. The sludge was on a drying bed for a long time prior to
sludge application, therefore salt content should have been reduced. In the residual study,
soluble salt levels were determined as part of an investigation into decreased crop yield on
high-sludge treatments. The 10-year residual levels of soluble salts ranged from 64 to 115
mg kg . These soil soluble salt contents are considerably below the level of 844 mg kg ™!
which causes salt injury to field crops (Donohue and Heckendorn, 1994b), therefore
reductions in plant growth and yields were not attributed to soluble salts.

Sludge rates, 10 years after application, did not affect soluble salt levels (Table 11).
The control soil had salt levels similar to the sludge-amended soils, therfore salts present
in all treatments can probably be attributed to salts supplied by fertilizer. Soluble salts
were not higher in treatments amended with an average of 11 mt dry sludge ha ! yr * than
in control treatments by the end of the growing season (Clapp et al., 1994). Soil EC values
( Table 11) were well below the 4 dS m ™' at which a soil is considered saline ( Bohn et al.,
1985) and the 6 dS m -1 at which a 10% reduction in corn and sorghum yields occurs
(Stewart and Meek, 1977; Bernstein, 1964).

It s likely that sludge-borne salts leached out of the root zone long before the soluble
salt analysis was conducted. Guidi et al. (1983) investigated salinity increases from the
addition of aerobic sludge, anaerobic sludge and composts of aerobic and anaerobic
sludge. All treatments increased salinity and by the end of the growing season EC values
had dropped considerably. Epstein et al. (1976) observed a considerable drop in EC
values (from 5.5 to 3.9 dS m ™) by the end of the next growing season in an Aquic
Hapludult soil amended with 240 mt sludge ha . By the end of the next growing season,
the EC value had dropped to 1.5 dS m . Rapid leaching of sludge-borne salts was
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~ reported by Madariaga and Angle (1992). Sludge compost with an EC of 18 dS m ! was
applied to a sandy loam, which was then leached with distilled, demineralized water. The
EC of the sludge compost/mixture dropped from 6 to less than 3 dS m ™ after the compost
was completely saturated with water six times. Madariaga and Angle (1992) concluded
that the majority of salts are leached from the crop root zone after it has rained once or
twice. Abd El-Hay and Angle (1994) flushed soluble salts from a sludge-amended soil in
an investigation on sludge-borne salt effects on soybeans. They concluded that adverse
effects of salts can be reduced if rainfall or irrigation water remove root zone salts prior to

planting.

Table 11. Ten-year residual effect of sludge application on soil salinity.

Sludge Application Rate Soluble Salts Salinity EC (25° C)
Mt ha ™! mg kg ! dSm™
0 80.0a* 0.06
42 67.3a 0.05
84 70.5a 0.06
126 73.8a 0.06
168 73.8a 0.06
210 77.0a 0.06

* Column numbers followed by the same letter are not significantly different at the 0.05

probability level.
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CONCLUSIONS

In this study, sludge application had long-term effects on soil organic matter, CEC, and
Mehlich-1extractable P, but not on the soluble sait content of the soil. Soil organic matter
levels increased with sludge rate, with levels in the high-sludge treatment almost double
that of the control treatment. The CEC also increased with sludge rate and was attributed
to the increase in organic matter supplied by the sludge. Mehlich-1 extractable P also
increased with sludge rate and was attributed to high P availability from the decomposition
of organic matter. Sludge rates did not affect the soluble salt levels, which were well

below the level at which reduction in corn and sorghum yields occur.

The changes in chemical and physical properties of soil induced by sludge application
should be considered in agricultural utilization of sludge. For the most part, the changes
are beneficial for crop production; however careful management of sludge-amended soil is
required. Soluble salt levels following sludge application should be determined prior to
planting. Soil P levels should be monitored and the addition of fertilizers containing P
should be avoided if soil test levels are satisfactory. Nutrient management on sludge-
amended soils is more complicated because sludge is not a balanced fertilizer.
Maintenance of an appropriate pH is important for control of heavy metal availability.
Erosion control is very important to prevent surface runoff of sludge-supplied N, P, and

heavy metals.

Sludge contribution of organic matter becomes more important as worldwide demand

for cropland increases the utilization of soils with marginal productivity. Crop production
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on productive soils can be limited by inadequate rainfall. One of the major factors
determining crop yields on non-irrigated, well drained soils in Virginia is soil retention of
plant accessible water (Donohue and Heckendorn, 1994b). The increase in plant available
water from sludge organic matter application is advantageous, regardless of soil

productivity.
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LONG-TERM EFFECTS OF SLUDGE
APPLICATION ON PLANT AVAILABILITY
OF COPPER AND ZINC

LITERATURE REVIEW

Stunting of crop growth (Table 18) and a decline in yield at the higher sludge
treatments (Tables 20 and 25) were observed in this research. These observations
suggested metal phytotoxicity, which was probable with the decrease in soil pH. In order
to confirm metal toxicity, we investigated crop symptoms and metal accumulations in
plant tissue. The possibility that crop abnormalities were due to other pH related disorders
such as Al toxicity was examined. The literature review in this chapter addresses the
relationship between soil Cu and plant availability, phytotoxicity, and plant-soil
interactions at low pH. Literature on Zn phytotoxicity, a potential cause of the stunting,

was also reviewed in the following literature review.
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Soil Copper

The total Cu content of uncontaminated soils ranges from 6 to 60 mg Cu kg™ soil
(Kabata-Pendias and Pendias, 1984). Levels of soil Cu are much higher in soils which have
received applications of sludge, smelting industry waste, and poultry and swine manure
(Reed and Martens, 1996). The Cu content of these amendments can lead to phytotoxic
soil Cu concentrations. Soil Cu concentrations as high as 3500 mg kg™ in industrially
polluted soils and 1500 mg kg™ in agricultural soils have been reported (Kabata-Pendias
and Pendias, 1984). Copper deficiencies occur in sandy soils containing low amounts of
Cu and in organic soils in which Cu complexes with the functional groups of organic

matter (Reed and Martens, 1966).

Numerous forms of Cu exist in soil because Cu is adsorbed by soil components and
forms precipitates with a variety of anions (McBride, 1981). The forms of soil Cu include
soil solution and exchangeable Cu, Cu weakly bound to specific sites, organically bound
Cu, Cu occluded in carbonates and hydrous oxides, and residual Cu in clay lattices
(McLaren and Crawford, 1973a,b; 1974). Most of the Cu in soils is insoluble and
immobile (Mills and Jones, 1996). Labile forms of Cu available to plants include (Lindsay,
1979):

1. Free and complexed cations in solution,

2. Cations nonspecifically adsorbed (electrostatically held) on cation exchange sites, and

3. Cations specifically adsorbed (covalently held) on surfaces of layer silicate clays, oxides

of Fe, Al, and Mn, carbonates, and organic matter.
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Soil solution Cu species vary with pH: below 6.9 Cu** dominates, near 7.0 CuOH" is
common, and above 7.0 Cu(OH), is dominate. Other soil solution species include CuSO,
and CuCO,. Concentrations of Cu in soil solution range from 0.003 to 0.135 mg L
(Kabata-Pendias and Pendias, 1984). Hodgson et al. (1966) reported a range in soil
solution Cu from 0.004 to 0.039 mg Cu L™ in calcareous soils. Plant roots absorb Cu as

ionic Cu®* or organically complexed Cu*".

Nonspecific adsorption of Cu occurs when the positive-charged Cu cation is
electrostatically attracted to the permanent negative charges arising from isomorphous
substitution in phyllosilicates (Sposito, 1981). The ionic bond formed in nonspecific
adsorption is easily broken, therefore the nonspecifically adsorbed Cu cation is considered
an exchangeable cation. Very little of the labile Cu is supplied by specifically adsorbed Cu
because the covalent bond between Cu and the various surfaces is not easily broken.
Weathering slowly reverts specifically adsorbed Cu to a labile form (Reed and Martens,
1996). Decomposition of organic matter also adds to the labile pool of Cu. The realization
that soil solution Cu is replenished by organically-bound Cu led most soil testing
laboratories to replace dilute salt and acid extractants with organic chelating agents, such

as EDTA and DTPA, for extraction of “available” soil Cu (Robson and Reuter, 1981).
Occluded Cu does not contribute to the labile pool of soil Cu. A layer of

Al, Fe, or Mn hydroxide precipitates over specifically adsorbed Cu prevents dissociation

of the Cu into soil solution (Reed and Martens, 1996).
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Plant Copper

Copper is absorbed by both active and passive mechanisms, although passive
absorption is more likely at toxic concentrations (Kabata-Pendias and Pendias, 1984).
Transport of Cu to shoots is reduced by retention in root tissues, especially when Cu is
deficient or excessive (Kabata-Pendias and Pendias, 1984). Tissue Cu** is often associated
with the cell walls of root tissue (Kabata-Pendias and Pendias, 1984). Concentrations of
Cu in xylem and phloem saps have been correlated with amino acid concentrations
(Kabata-Pendias and Pendias, 1984). Copper is complexed with soluble N compounds as
it moves through the xylem to leaves, shoots, and flowers (Mills and Jones, 1996).

Approximately half of the active Cu is located in chloroplasts of green tissues (Mills
and Jones, 1996). Shoot concentrations of Cu are high in young plants, decreasing as the
plant matures (Mills and Jones, 1996). The highest shoot concentrations occur during
intensive growth and at luxury Cu levels (Kabata-Pendias and Pendias, 1984). Copper
tends to accumulate in the reproductive organs of some plant species (Kabata-Pendias and
Pendias, 1984). Most of the Cu in flowers is found in the anthers and ovaries (Mills and
Jones, 1996). The highest reported plant Cu concentrations were in the embryo and seed

coat of cereal grains (Kabata-Pendias and Pendias, 1984).

Copper is a component of several important enzyme complexes involved in oxidation
reactions, electron transport, lignin synthesis, as well as other functions that influence
plant metabolism (Mills and Jones, 1996). Copper also functions in the control of water
relations, in the control of DNA and RNA production, and in the disease resistance
mechanism (Kabata-Pendias and Pendias, 1984). Copper is relatively immobile in plants,

therefore deficiency symptoms first occur in young organs.
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Sufficiency ranges for Cu in corn are 6 to 20 mg kg™ in ear leaves at silk and 7 to 20
mg kg in whole plants at the 3- to 4-leaf stage (Bennett, 1993). The critical concentration
for Cu in ear leaves at tassle is 5 mg kg™ (Jones et al., 1990). Donohue et al. (1990)
reported that the nutrient sufficiency range for corn (up to 30 cm tall) in Virginia is 3 to 20
mg kg ! based on extensive research conducted throughout the state. Copper deficiciency
rarely occurs in corn, except in organic soils and at high pH. Deficiency symptoms begin
with chlorosis of the youngest leaves, resembling chlorosis in Fe deficient plants (Bennett,
1993). As the deficiency progresses, marginal necrosis of older leaves occurs, resembling
K deficiency (Bennett, 1993). The critical concentration for Cu in sorghum seedlings is 2
to 5 mg kg™ (Clark, 1993). Deficiency symptoms in sorghum include interveinal chlorosis
of young leaves, and unusual emergence of leaves from the whorl which resembles Ca

deficiency (Clark, 1993).

Copper Phytotoxicity

Copper phytotoxicity has been extensively reported (Lexmond and de Haan, 1980).
Phytotoxicity has been generally only observed in greenhouse pot studies and in land
application of high metal content sludge at very high rates (Smith, 1996). Lexmond and de
Haan (1980) conducted a Cu toxicity study and observed the following in corn: decreased
dry matter production, increased Cu and Mn levels, and decreased phosphate content. The
decrease in phosphate content was attributed to decreased uptake of P as a result of Cu
injury to roots. Diagnosis of phytotoxicity in early growth stages is based upon a
departure from normal growth (Chang et al., 1992). Growth retardation, leaf chlorosis,
necrosis, and branch dieback are early phytotoxicity symptoms (Chang et al., 1992). These
early symptoms may continue through plant maturity, with a subsequent reduction in yield.
A quantitative relationship between early growth retardation and later yield reductions has
not been developed. Chang et al. (1992) made the assumption that 50% or greater early

growth retardation will result in significant yield reduction at maturity in development of

Chapter 3 67



their methodology for establishing phytotoxicity criteria.

Chang et al. (1992) developed a phytotoxicity threshold, referred to as PTs,, which is
the leaf tissue concentration corresponding to 50% growth retardation. Using several sets
of data, Chang et al. (1992) determined that the PTs, for Cu in corn ranged from 7 mg

kg™ in pot experiments to 40 mg kg™ in hydroponic studies. The uptake of metals in
hydroponic or pot cultures do not adequately represent uptake from sludge-amended field

soil , therefore a PTs, for corn grown in the field is needed.

Diagnosis of Cu toxicity cannot be based on visual symptoms. The more common
symptoms of Cu toxicity (reduced shoot vigor, poorly developed root systems, and leaf
chlorosis) resemble symptoms of other disorders. Chlorosis in Cu toxicity resembles

chlorosis in Fe deficiency. Plant and soil analyses are necessary for reliable diagnosis.

Metals may induce phytotoxicity via inhibition of photosynthesis and respiration,
alteration of plant water relations, increased permeability of the plasma membrane of root
cells, and interference in metabolic enzyme activity (Chang et al., 1992). Plants with high
Cu concentrations appear to be more susceptible to some diseases (Kabata-Pendias and

Pendias, 1984).

The major mechanism of protection in Cu-tolerant species is exclusion of Cu from the
shoots. Once Cu is absorbed by plants, it tends to accumulate in the roots, with little
translocation to shoots (Dragun et al., 1976; Jarvis and Whitehead, 1981; Minnich et al.,
1987). Most of the root Cu is associated with cell walls (Lonergan, 1981). Excess Cu
has a detrimental effect on the root system and, thereby, causes a reduction in lateral root
development (Mills and Jones, 1996). When roots become damaged by Cu toxicity, high
levels of Cu may enter the shoot (Graham, 1981). The toxicity effect of some heavy metals

may be countered by plant Ca, therefore an adequate Ca concentration should be
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maintained (Mills and Jones, 1996).

The maximum permissible loading levels of Cr, Cu, Ni, and Zn in current sludge
regulations are based upon their most restrictive exposure pathway - the phytotoxicity
pathway (USEPA, 1993). The Regional Research Technical Committee W-170, called in
to evaluate the procedures used to determine these pollutant levels, believed that the
proposed phytotoxicity criteria overestimated the hazard of metals (W-170 Peer Review
Committee, 1989). Data to determine the loading limits for the phytotoxicity pathway was
obtained from small pot experiments with inorganic metal salts, rather than from sludge-
amended field studies. Plants in such pot studies accumulate more metals than sludge-
amended field crops (Cunningham et al., 1975 a, b ). The committee pointed out that
phytotoxicity rarely occurs in agricultural crops grown on sludge-amended soils, even at
very high application rates (> 500 t). They also pointed out that Cu and Zn toxicities have

not been reported even in sensitive plants grown on sludge-amended soils with a pH > 5.5.

Zinc in Soil and Plants

The total Zn content of uncontaminated surface soils ranges from 17 to 125 mg kg™*
soil (Kabata-Pendias and Pendias, 1984). Levels of Zn are higher in soils contaminated by
municipal sewage, animal manures, and nonferric metal industry wastes containing Zn.
Since Zn is easily adsorbed by soil minerals and complexed by organic matter, it
accumulates in the surface horizons of most soils (Kabata-Pendias and Pendias, 1984).
Extremely high accumulations of Zn in contaminated surface soils have been reported:

up to 7,474 mg kg ! on sludged farmland and up to 66,400 mg kg™ in old mining areas
(Kabata-Pendias and Pendias, 1984).

Zinc exists in the same forms in soils as Cu (Reed and Martens, 1996), but occurs in

more readily soluble forms (Kabata-Pendias and Pendias, 1984). Several ionic species of
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Zn are mobile in soil, with Zn** the most common among them. The fraction of Zn
specifically adsorbed by Fe and Mn oxides is more available to plants than that fraction of
Cu (Kabata-Pendias and Pendias, 1984). Soil solution concentrations of Zn range from

0.004 to 0.0270 mg Zn L™ (Kabata-Pendias and Pendias, 1984).

Zinc is primarily taken up as the Zn?* cation and moves through the xylem as an
uncomplexed ion (Mills and Jones, 1996). The Zn" ion, other complex ions, and Zn
chelates may also be absorbed by plants (Kabata-Pendias and Pendias, 1984). However,
Halvorsen and Lindsay (1977) concluded that only Zn** is absorbed by corn roots.

Zinc, found throughout the plant, is mostly present in the root system, where it is
preferentially retained (Mills and Jones, 1996), particularly in Zn-contaminated soils. The
tops of plants are more likely to accumulate Zn if it is an airborne pollutant (Kabata-
Pendias and Pendias, 1984).

Like Cu, Zn is involved in several enzyme systems. Zinc protects proteins from
denaturation through its involvement with the carbonic anhydrase enzyme (Mills and
Jones, 1996). Ribonucleic acid polymerase is inactivated in the absence of Zn. Zinc also
participates in the synthesis of hormones, cytochrome c, and proteins (Kochian, 1993).
RNA synthesis, normal development of chloroplast grana, and stabilization of cytoplasmic

ribsomes are impaired with Zn deficiencies.

Sufficiency ranges for Zn in corn are 20 to 70 mg kg™ in ear leaves at silk and 20 to 50
mg kg in whole plants in the 3- to 4-leaf stage (Bennett, 1993). The critical value for ear
leaves at tassle is 15 mg kg™ (Jones et al., 1990). Zinc deficiency is not unusual in corn
(Adriano, 1986). Zinc deficiency symptoms in corn begin as a white band at the leaf base
extending to the tip. Internodes are shortened, resulting in stunting. New leaves become

almost white in cases of severe Zn deficiency, a condition known as “white bud” (Bennett,
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1993). The critical value for Zn in sorghum seedlings is 9 to 15 mg kg ™' (Clark, 1993).
Bleached chlorotic bands on leaves and shortened internodes in Zn deficient sorghum

resemble Zn deficiency in corn (Clark, 1993).

Zinc Phytotoxicity

Zinc phytotoxicity seldom occurs (Bennett, 1993), because most plant species are very
tolerant of excessive amounts of Zn (Kabata-Pendias and Pendias, 1984). Nevertheless, Zn
phytotoxicity has been reported in acid and heavily sludged soils (Kabata-Pendias and
Pendias, 1984). Toxicity levels vary with species and growth stage (Kabata-Pendias and
Pendias, 1984). Zinc phytotoxicity has been reported in young barley (Hordeum vulgare)
plants at 300 mg kg™ (Davis et al., 1978). Cereal crops, lettuce, mustard, beet, and
spinach are sensitive to excess Zn (Kabata-Pendias and Pendias, 1984; Chaney, 1993). A
reduction in root growth and leaf expansion of plants and then chlorosis occurs at levels
above 200 mg kg™ (Mills and Jones, 1996). Iron, Mn, and P deficiencies have been
induced by high levels of Zn (Mills and Jones, 1996). Other Zn toxicity symptoms include
chlorotic and necrotic leaf tips, interveinal chlorosis of young leaves, growth retardation,

and root injury (Kabata-Pendias and Pendias, 1984). Injured roots resemble barbed wire.

Plant-Soil Interactions at Low pH

Many mineral nutrition-related factors can cause plant injury at low pH. Soil pH affects
the availability of plant nutrients. At low pH levels the availability of N, P, K, Ca, Mg, S,
and Mo decreases and the availability of Al, B, Co, Cu, Fe, Mn, and Zn increases (Sparks,
1995). Excess H" also causes plant damage at low pH levels. Foy (1984) referred to this
complex of growth limiting factors as “acid soil toxicity”. It has often been misdiagnosed
as injury from drought, cold temperatures, herbicides, and plant diseases (Foy, 1984).
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Aluminum toxicity is the most limiting growth factor in acidic soils. It may occur at a
pH as high as 5.5 in kaolinitic soils (Foy, 1984). Monomeric species of Al are particularly
toxic (Sparks, 1995). Symptoms of Al toxicity include stunting (especially during early
growth) and poor root development (Mills and Jones, 1996). Aluminum reduces root
uptake of P, therefore P deficiency symptoms may appear (Mills and Jones, 1996).

Aluminum-induced Ca and Fe deficiencies also occur (Foy, 1984).

Yields can be reduced even though symptoms of Al toxicity are not visible in plant
tops (Foy, 1984). Aluminum toxicity is species dependent (Foy, 1984). Corn is
considered resistant to Al toxicity (Mills and Jones, 1996), however Evans and Kamprath
(1970) observed growth reduction in corn with a solution concentration > 3.6 mg AIL ™.
Sorghum is susceptible to Al toxicity (Mills and Jones, 1996), particularly when grown in
soils at pH levels < 5.0 (Clark, 1993). Chlorosis on lower leaves, necrosis along leaf
margins and at tips, and reduced growth have been reported as Al toxicity symptoms
(Clark, 1993). Aluminum toxicity has a more dramatic effect on sorghum roots. Swollen,
stubby, brittle, dark roots with reduced elongation have been reported as root toxicity
symptoms (Clark, 1993). Dark brown discoloration and lack of root hairs were observed
in sorghum roots in an Al toxicity study conducted by Ahlrichs et al. (1991 ). Differential
tolerance to Al toxicity has been reported among corn and sorghum genotypes (Amancio
et al,, 1991; Galvez and Clark, 1991). Young seedlings are more susceptible to Al toxicity
than mature plants (Foy, 1984).

Iron and Zn are seldom, if ever toxic; while H*, B, Cu, and Mn have occasionally
produced toxicity (Bennett, 1993). Manganese toxicity is probably second after Al toxicity
in reducing plant growth in acid soils (Foy, 1984). It is usually reported at soil pH values
<5.5. Manganese toxicity symptoms are more visible in plant tops than Al toxicity
symptoms, and are often detected at levels that don’t reduce vegetative growth (Foy,

1984). Toxicity symptoms include marginal chlorosis and necrosis. A brown discoloration
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of roots has been reported in severe toxicity conditions (Foy, 1984). Dark green leaves
with reddish purple spots that develop into streaks have been observed in sorghum

experiencing Mn toxicity (Clark, 1993).

Excess H' damages root membranes, can increase plant requirements for Ca and
decrease the uptake of Mg (Foy, 1984). Hydrogen ion toxicity is difficult to determine in
acid soils because of the complex of other growth limiting factors at low soil pH levels.
It may be dominate in topsoil where organic matter is high , whereas Al toxicity is
common in subsoil (Marschner, 1991). At pH < 4.0, Al and Mn toxicity are more
likely than H toxicity (Foy, 1984). Iron toxicity has occurred in sorghum grown on acid
soils, resulting in light leaves with black lesions at the margins (Clark, 1993).
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MATERIALS AND METHODS

Soil Analyses

Soil samples were taken from the O-to 15-cm surface layer. Mehlich-1 extracting
solution (0.05N HCl in 0.025N H,SO,) was used for determination of P, K, Ca, Mg, Zn,
Mn, Cu, Fe, B, and Al (Donohue and Heckendorn, 1994a). Extractable Cu and Zn were
also determined by extraction with the diethylenetriaminepentaacetic triethanolamine
(DTPA-TEA) solution, (ie., 0.005 M DTPA, 0.01 M CaCl,, and 0.1M TEA buffered at
pH 7.3) (Lindsay and Norvell, 1978). Other soil analyses are discussed in Chapter 2.

Plant Analyses

Whole above-ground portions of young corn plants at seedling stage (< 30 cm tall)
were sampled. Sorghum ear leaves were sampled at heading, 66 days after planting. The
second leaf from the top of the sorghum plant was removed for analysis as recomended
by Jones et al.(1990). Corn and sorghum grain were sampled at plant maturity. All plant
tissue was dried at 70°C for 16 hours and ground to pass a 20-mesh screen. One-half gram
subsamples of plant tissue were digested in a HNO;-HCIO, acid mixture. Concentrations
of Ca, K, Mg, P, S, Cu, Fe, Mn, Ni, Cd, Pb, As, and Zn in ear leaf digests were measured
with an ICP. Concentrations of Cu and Zn in grain digests were determined by atomic

absorption spectrophotometry.

Height of corn plants was measured at 5 weeks growth in 1993 and at 7 weeks growth

in 1994. Plant weight was determined on the basis of g per 8 whole plants. Corn and
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sorghum grain and stover yields measured at plant maturity were adjusted to 155 g and

140 g moisture kg ™, respectively.

Statistical Analyses

Plant height, weight, yield, and nutrient concentration data were evaluated by LSD
mean separation procedures at the 0.05 level of significance (Steele and Torrie, 1980).

Mehlich-1 extractable soil nutrient data and DTPA-TEA extractable soil Cu and Zn data

were also evaluated by LSD mean separation procedures at the 0.05 level of significance.
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RESULTS AND DISCUSSION

Nutrient Content of Soil

Soil levels of P, K, Ca, and Mg were in the High category as determined by soil test
calibrations (Donohue and Heckendorn, 1994b). These high nutrient concentrations
reflect past fertilizer, lime, and sludge additions. Soil Cu, P, and Zn levels increased with
sludge rate during the four-year period from 1992 to 1995 (Tables 12-15). This increase
was expected on the basis of the high sludge application rates and the high content of
these nutrients in the sludge: 3654 mg Cu, 31.7 g P, and 2982 mg Zn kg™ on a dry

weight basis.
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DTPA Extractable Copper and Zinc

Sludge application in 1984 supplied the soil with 153 to 760 kg Cu ha "' and 125 to
620 kg Zn ha ! (Table 5). The maximum cumulative sludge metal application
recommended for this soil at that time was 280 kg Cu and 560 kg Zn ha ™' (USEPA,
1983). Current sludge regulations for metals are based on sludge metal concentrations
(USEPA, 1993). The sludge applied in this study contained 3654 mg Cu and 2982 mg Zn
kg, below the ceiling concentrations (maximum allowable), but above the pollutant
concentration limits (criteria for high quality sludge) (Table 16). Levels of Cu and Zn
applied in this study are below the cumulative loading rates, but above the annual loading

rates (Table 12).

Table 16. Part 503 sludge concentration limits and loading rates for Cu and Zn.

Pollutant Ceiling Pollutant Annual loading Cumulative
concentration concentration rate loading rate
------------- mg kg kg ha ! —-mmeeemeeeee

Copper 4300 1500 75 1500

Zinc 7500 2800 140 2800

(USEPA, 1993)

Rappaport ( 1988) reported that levels of DTPA-extractable Cu in the Ap horizon of
the soil under study increased linearly with sludge application rate in 1984 (Figure 1).
DTPA-extractable metals reached a maximum of 129 mg Cu and 78 mg Zn kg ' in 1984.
Levels of DTPA-extractable Cu also increased linearly with sludge application rate
in 1995 (Table 17 and Figure 2). Others have also observed an increase in DTPA
extractable Cu and Zn with increasing rates of metal addition (Maclean and Dekker, 1978;
Korcak and Fanning, 1985). DTPA extractable Cu and Zn were below the levels observed
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in 1984 (Table 17). Rappaport used the DTPA method of Baker and Amacher (1981).
Some of the decrease in DTPA extractable metals may be attributed to occlusion over
time; i.e., adsorbed metals may have become coated with precipitates of Al and Fe
hydrous oxides present in the soil. The DTPA is a chelating agent for assessing plant
available micronutrient cations in soil. Occluded metals may not be extracted by the
chelate in this solution. DTPA combines with free metal ions in solution, reducing their
activities. In response, metal ions are desorbed from soil surfaces or dissolved from labile
solid phases to replace the complexed free metal ions in soil solution (Lindsay and Norvell,

1978).

Table 17. DTPA extractable Cu and Zn in a sludge-amended Davidson clay loam.

DTPA extractable Cu DTPA extractable Zn
Sludge Rate 1984 1995 1984 1995
Mt ha ! mg kg ™
0 1.4f 3.7 1.6f 2.8f
42 24 .9e 23.1e 19.2e 17.2e
84 53.0d 44.3d 38.9d 33.3d
126 73.4c 64.8¢c 52.4c 49.6¢
168 119.9b 78.7b 73.2b 59.5b
210 129.4a 92.8a 78.2a 69.92a

* Column means followed by different letters are significantly different at the 0.05
probability level.
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Figure 1. Effect of sludge application on levels of DTPA
extractable Cu in a Davidson clay loam one year after
application (Rappaport et al., 1988).
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Figure 2. Effects of sludge application on DTPA extractable Cu
in a Davidson clay loam eleven years after
application.
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Corn

Corn grain ranked 11th on Virginia’s agricultural commodity list in 1994, down from
the rank of #9 in 1984 (Purcell, 1996). There has been a dramatic decline in total acreage

of corn grain in Virginia which Purcell (1996) attributes to weather problems (particularly

drought), national farm policy, and lack of research to generate technology suited to

conditions in the state.

Stunting was apparent in early corn growth in the 126 - 210 mt sludge ha™ treatments.

The height of young corn plants decreased as sludge rate increased (Table 18). Corn

stands in 1994 were poor due to drought (Table 18 ). Corn plants were removed and the

experimental area was replanted to grain sorghum on June 21st.

Table 18. Corn height and weight.

Corn Height Corn Weight
Sludge Rate 1993 1994 1992 1993
Mtha ! cm at 5 weeks cmat 7 weeks | -m---e- g per 8 whole plants -----
0 19.1ab* 33.5bc 10.8a 18.1ab

42 21.2a 46.5a 12.3a 23.9a

84 20.0ab 37.8ab 13.1a 21.5a
126 18.0b 21.8cd 13.5a 18.5a
168 17.7b 18.0d 12.4a 10.7b
210 14.4c 19.3d** 11.5a 11.6b

* Column means followed by different letters are significantly different at the 0.05

probability level.

** 50% of one replication of this treatment were dead.
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Corn grain yields in 1992 exceeded the state average yield of 7273 kg ha ™! as well as
the Orange County, VA average yield (Virginia Agricultural Statistics Service, 1993)
(Tables 19 and 20). Record high yields of corn grain in Virginia that year were attributed
to timely rains and moderate temperatures throughout most of the growing season

(Virginia Agricultural Statistics Service, 1993).

Long periods of dry weather and unusually high temperatures in 1993 were
responsible for the large decrease in the average state corn grain yield (Table 19 )
(Virginia Agricultural Statistics Services, 1994) and the lower yields at the research site
(Table 20). The greatest yield limiting factor for corn growth in Virginia is lack of water at
critical stages of development (McKenna, 1995). There is a 10% yield reduction if a corn
plant at the 12th leaf stage is subjected to 4 days of moisture stress. Four days of moisture
stress in a corn plant in the tassle to blister grain stage will reduce yields by 40-50%
(McKenna, 1995). Except at the 210 mt ha ™ sludge rate, 1993 yields in this study
exceeded both state and Orange County average yields. In 1995, yields of all treatments
except the highest sludge rate again exceeded state and Orange County yields (Tables 19
and 20).

Table 19. Average corn grain yields in the state of Virginia and in Orange
County, VA during the period of 1992 - 1995.

Average Corn Grain Yield | Average Corn Grain Yield
in Virginia in Orange County, VA
Year kgha
1992 7273 7399
1993 3762 4076
1994 6145 5768
1995 6961 7400

Source: Virginia Agricultural Statistics Service, 1993, 1994, 1995, 1996.
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Table 20. Effect of sludge application on corn grain and stover yields.

1992 Yields 1993 Yields 1995 Yields
Sludge rate Grain Stover Grain Stover Grain Stover
Mtha! kg ha

0 8503.4bc*  6505.0ab  5524.2ab  4251.5ab  14470.1a  7365.0ab

42 9773.1ab 6505.0ab  7338.1a 5175.0a 1323332 8380.8a
84 9657.7ab 6667.6ab  6980.8a 44989ab 11914.1a  6805.8ab
126 10157.9a 6927.8a 4369.9b 36904b  11831.7a  7196.3ab
168 9119.0abc  6374.9ab  4205.0bc 3380.3bc  10388.8a  5443.3bc

210 8003.2¢c 4976.3¢c 2061.3c 2390.6¢c 54829  3697.0c

*Column means followed by different letters are significantly different at the 0.05
probability level.

In general, yields during all three years decreased with increasing sludge rate (Table
20). The yield decrease in 1995 is depicted in Figure 3. This is in direct contrast to what
Rappaport et al. observed in 1984 (Figure 4). This reversal in yield trend may be explained

by the decrease in soil pH since that time.
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loam (Rappaport et al., 1988).
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Plant tissue concentrations of Ca, Mg, P, and S were within the nutrient sufficiency
ranges reported by Mills and Jones (1996) (Tables 21 and 22). Concentrations of K in
1992 plant tissue were slightly below the nutrient sufficiency range (Mills and Jones,
1996) (Table 21 and 22), despite high levels of soil K (Tables 12 to 15). The high levels
of Al in the soil (Tables 12 to 15) may have reduced the K content in corn (Mills and
Jones, 1996). Potassium deficiency symptoms, which include necrotic spots and marginal
burn on older leaves (Robson and Snowball, 1986), were not observed. Plant tissue
concentrations of N were slightly below the nutrient sufficiency range in 1993. The uptake
of both ammonium and nitrate is reduced at low pH (Reuter and Robinson, 1986). In
acidic soils ammonium and hydrogen ions compete for binding sites on plant roots (Reuter
and Robinson, 1986). Although the stunting that we observed in this study occurs with a
shortage of N, N deficiency symptoms such as yellowing and premature loss of older
leaves (Hanway, 1989) were not observed. Reduced uptake of N and K in corn at low
soil pH levels was attributed to inhibition of root growth due to Cu toxicity in a study
conducted by Lexmond (1980). A reduction in N and K uptake and an inhibition in
organic N compound synthesis in corn grown in high Cu solutions in a hydroponics study

were observed by Lexmond and van der Worm (1981).

Plant tissue Cu concentrations in 1993 were above the normal range of 5 to 20 mg
kg ! (Jones et al., 1990) at the higher sludge rates (Table 22 ). Corn earleaf Cu
concentrations were within the normal range of 3 to15 mg kg™ (Jones et al., 1990) in this
study in 1984 (Rappaport, 1988). The increase in Cu concentrations in 1993 can be
attributed to increased availability of Cu due to decreased soil pH. The increase may also
be due to increases in soil Al, since an association between toxic levels of Al and increased
levels of Cu in leaf tissue exists (Mills and Jones, 1996). It should be pointed out that the

phytotoxic Cu concentration for field grown crops has not really been established.
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Zinc concentrations in plant tissue were above the nutrient sufficiency range (Mills and

Jones, 1996) in all treatments in 1992 and in the higher sludge treatments in 1993 (Table
21) . Rappaport et al. (1988) reported corn earleaf Zn concentrations within the normal

range in this study in 1984. Plant tissue Mn concentrations in the higher sludge treatments

in 1993 exceeded the nutrient sufficiency range (Table 23), but Mn toxicity symptoms as

decribed in the literature review were not observed.

In 1992, plant tissue concentrations of As, Cd, Ni, and Pb were determined to

ascertain if yield reductions could be attributed to phytotoxicity of these elements. The

normal ranges of As, Cd, Ni, and Pb in corn leaves are respectively: 0.01-1.0, 0.05-0.20,

- 0.1-10.0, and 0.1-5.0 mg kg " (dry weight) (Melsted, 1973). The concentrations of these

four elements (not shown) were all < 0.1 mg kg ™.

Table 23. Nutrient sufficiency ranges for corn (whole plants, <30 cm tall) and sorghum at
bloom stage (66 - 70 days after planting).

Com Sorghum
(Mills and Jones, 1996) (Lockman, 1972 a,b)
Element gkg!

N 35.0-50.0 33.0-40.0
P 3.0-5.0 2.0-35
K 25.0-40.0 14.0-17.0
Ca 3.0-7.0 3.0-6.0
Mg 1.5-4.5 2.0-5.0

S 1.5-5.0 no data

mg kg ™

Cu 5.0-20.0 2.0-7.0
Mn 20.0-300.0 8.0-190.0
Zn 20.0-60.0 15.0-30.0
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Copper concentrations in grain were within the normal range of 1 to 5 mg kg ™ and

were not affected by sludge rate (Table 24). Rappaport et al. (1988) also observed normal

Cu concentrations in grain in this study in 1984. Other researchers have reported that Cu

concentrations in corn grain remained within the normal range following sludge-

amendment (Soon et al., 1980, Lutrick et al., 1982 ). Normal concentrations of grain Zn
are 20-100 mg kg™ (Kirkham, 1975). In this study, normal grain Zn concentrations were
observed in 1984 (Rappaport et al., 1988) and in 1992 and 1995 (Table 24). A study on
the translocation and accumulation of heavy metals in tissues of corn grown on sludge-

treated strip-mined soil showed that the lowest accumulation of Cu and Zn in the corn

plant occurred in the grain and cob (Garcia et al., 1979). There is very little translocation

of Cu from plant roots to plant shoots (Dragun et al., 1976). It is important that Cu and

Zn levels in corn grain are suitable for livestock feeding.

Table 24. Effect of sludge application on copper and zinc concentrations in corn grain.

Grain Copper Concentration Grain Zinc Concentration
Sludge Rate 1992 1995 1992 1995
Mt ha! mg kg ™

0 2.7a* 2.3b 20.6a 13.9b
42 2.6a 2.5b 21.9a 15.8ab

84 2.3a 2.8ab 19.4a 20.1a

126 1.9a 3.1a 15.0a 20.4a
168 2.1a 2.6ab 17.52a 17.0ab
210 22a 2.9a 18.8a 17.7ab

* Column means followed by different letters are significantly different at the 0.05

probability level.
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Sorghum

Grain sorghum ranked 26th on Virginia’s agricultural commodity list in 1994 (Purcell,
1996). Although only about 4,000 hectares have been planted in the state in recent years,
grain sorghum could become more important as the state becomes more feedgrain
deficient (Purcell, 1996). It is similar to corn in feeding value. It tends to be produced in
southern Virginia and planted on acreage where corn does not perform well due to limited

rainfall and/or low moisture retention of soil.

The sorghum plant has been referred to as a “crop camel” because it remains
practically dormant during periods of drought (Martin et al., 1976). Sorghum can
withstand drought better than corn because it has more secondary roots, a smaller leaf
area per plant, and its leaves and stalks wilt and dry slower than those of corn (Martin et
al., 1976). Dekalb 41Y grain sorghum was planted on the research site on June 21, 1994

to replace drought-affected corn.

Sorghum grain yields were low and, like corn, decreased with sludge application rate
(Table 25 and Figure 5). Sorghum grain yield should be 80 - 90% of an adapted hybrid
corn yield (Donohue et al., 1984). The average state corn grain yield in 1994 was 6145 kg
ha -1 (Virginia Agricultural Statistics Service, 1995). Sorghum grain yields at the 168 and
210 mt ha™ sludge rates were 46 and 35 % respectively, of the state average corn yield
(Tables 19 and 25). The highest reported sorghum grain yield in Virginia in 1994 was
10,660 kg ha '; 6300 kg ha ! was considered to be a good yield that year (Brann, 1995).
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Table 25. Effect of sludge application on sorghum grain and stover

yields.
Sludge Sorghum Sorghum
Application Rate Grain Yield Stover Yield
Y (01 R —— kg ha ™ cemeeeemmeeeeee
0 4927 5a* 5567.6abc
42 6056.6a 6578.0a
84 5018.1a 5931.3ab
126 2808.8b 4679.1bcd
168 2118.8b 4045.1cd
210 2146.6b 3254.4d

* Column means followed by different letters are significantly
different at the 0.05 probability level.

Nutrient concentrations in sorghum ear leaves were similar to those found in corn: low
in K, and high in Cu and Zn (Table 26 ). Copper and Zn were much lower in sorghum
leaves than in corn leaves, an observation also made by Lutrick et al. (1982) in a sludge
study conducted on three Ultisols. Potassium levels were below the nutrient sufficiency
range and Cu and Zn levels exceeded the nutrient sufficiency ranges (Tables 23 and 26).
Manganese concentrations in sorghum leaves, however, did not exceed the sufficiency
range (Tables 23 and 26). Grain concentrations of Cu were similar in corn and sorghum,

but Zn concentrations were much lower in sorghum (Tables 24 and 27).
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Table 27. Effect of sludge application on copper and zinc concentrations in sorghum grain.

Sludge Application Rate | Grain Copper Concentration | Grain Zinc Concentration
Mt ha ! mg kg

0 2.6a* 6.5a

42 3.0a 9.1a

84 2.6a 9.3a

126 3.0a 8.7a

168 1.9a 7.4a

210 3.5a 9.5a

* Column means followed by the same letter are not significantly different at the 0.05
probability level.

Assessment of Phytotoxicity

The author concludes that pH-induced phytotoxicity reduced yields of corn and
sorghum at the higher sludge rates applied in this study. Most likely a combination of Al,
Cu, Mn, and Zn phytotoxicity contributed to early crop stunting and subsequent yield
reductions. Competition of Al **, Zn **, Cu ?*, and Mn " ions, all of which occur in higher
concentrations at low pH, probably occurred at absorption sites of the roots. The yield
decrease was sludge-related since yields decreased with increasing sludge rates. It is
possible that the Cu and Zn supplied by the sludge were involved in the yield decrease.
Phytotoxic responses of Cu and Zn were once thought to be additive, but later research
suggests that the metals act independently in their toxicity (Beckett and Davis, 1982;
Davis and Carlton-Smith, 1984; Mitchell et al., 1978). Chaney (1993) asserts that Zn
phytotoxicity occurs far more often than Cu phytotoxicity in strongly acidic soils. British

sewage sludge loading rates have been based on the assumption that Cu is twice as toxic
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as Zn, but Maclean and Dekker (1978) questioned that assumption after they found that '
sewage sludge eliminated the toxic effect of Cu on corn in pot experiments. The
effectiveness of sewage sludge in reducing metal toxic effects was also observed by
Chaney (1973) and attributed to strong binding of metals to organic matter. However,
organic matter decomposes and can gradually release phytotoxic amounts of metals. Zinc
competitively inhibits the uptake of Cu, and vice versa (Mills and Jones, 1991). Small
changes in Zn leaf concentration can dramatically affect crop yields (Smith, 1996).
Cunningham et al. (1975c) investigated metal phytotoxicity in corn which received Cu and
Zn as inorganic salts or amended sludge. They observed the lowest yields with the high Zn
treatments. If Cu and Zn toxicity contributed to yield reductions in this study, as

suspected, it would be difficult to ascertain which metal played the larger role.

Metal phytotoxicity has occurred in field grown crops when large dressings of highly
contaminated sludges have been applied (Smith, 1996). Yield reductions of corn,
sorghum-sudangrass (Sorghum bicolor L. Moench X S. sudanese P. Stapf.), and soybean
(Glycine max L.) were attributed to Zn and Ni phytotoxicity from repeated sewage
sludge applications on a sandy loam (Berti and Jacobs, 1996). They applied sewage sludge
at rates ranging from 240 to 870 Mt ha ™, which supplied up to 1,870 kg Cu and 11, 300
kg Zn ha . Soil pH levels were maintained between 6.9 and 7.6, which reduced metal
phytotoxicity. Yields of all three crops were reduced on one or more sludge treatments,
although corn phytotoxicity abated for 5 of the 11 years during the study. Copper
phytotoxicity was not a problem in their study because high soil pH levels kept plant Cu
concentrations within the normal range. Soil loadings of Zn appeared to be of greater

environmental concern than Cu.

It should be noted that Cu and Zn loading rates in this study were well below the
phytotoxicity threshholds suggested by Chang et al.(1992). Few, if any, studies have

examined Cu and Zn phytotoxicity in corn and sorghum grown under field conditions on
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sludge-amended soils with low pH levels. Sludge researchers have attributed decreased
availability of Cu and Zn and a reduction in their toxic effects to the maintenance of soil
pH values > 6.5 ( Keeney and Walsh, 1975; Mortvedt and Giordano, 1975; Soon et al.,
1980). Raising the pH of field soil increases soil binding of Cu and Zn, and thereby
reduces the amount of the plant available Cu and Zn ions (Lexmond and van der Vorm,
1981; Marschner, 1993). Lexmond (1980) observed that the reduction in Cu phytoxicity in
corn when the soil pH was raised was less than he predicted. He concluded that the
increase in pH increased the toxicity of Cu® ions in soil solution. Lexmond and van der
Vorm (1981) observed this intensification of Cu toxicity with increased pH in a study with
hydroponically grown corn. They explained the increased Cu toxicity by the decreased
proton concentrations at higher pH, which decreased proton competition with Cu on root

sites.

“Acid soil toxicity”, as previously described, was carefully considered as the cause of
yield reduction. The yields on the control and lower sludge treatments were well above
state and Orange County averages, which indicates that the crops were not performing
poorly at the low soil pH. Soil pH levels in the control treatment were lower than in the
sludge treatments (Table 6). Although “acid soil toxicity” cannot be discarded as a factor

in the observed yield reductions, it does not entirely explain the yield decrease.

The reduction in crop growth observed in the high-sludge treatments in this study is
indicative of both Cu and Zn toxicity. The concentrations of Cu and Zn in plant tissue,
which were higher in the high-sludge treatments, corresponded to the higher amounts of
soil Cu and Zn in those treatments. Chang et al. (1992) suggest that leaf tissue may not be
the appropriate indicator tissue for Cu phytotoxicity. They pointed out that the specific
plant tissue where the toxic action of metals occurs has not been pinpointed and suggested
that roots might be an appropriate indicator of metal phytotoxicity. Lexmond and van der

Vorm ( 1981) were able to observe root morphology and growth in a hydroponics study
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on the effect of pH on Cu phytotoxicity in corn. As they increased the Cu supply, the Cu
content of both roots and shoots increased, with the increase in root Cu more pronounced.
A reduction in root surface area and a reduction in the number and length of secondary
and tertiary roots were observed at 3.1 uM Cu at pH 4.7. They concluded that the toxic
effect of Cu primarily manifested itself by a reduction in root growth. Garcia et al. (1979)
also observed a greater accumulation of Cu and Zn in root tissue of corn grown on
sludge-amended soil. Copper concentrations in their corn roots, leaves, upper stems,
lower stems, husks, cobs, and kernels were 39.6-52.0, 10.3-13.1, 11.0-15.4, 13.0-15.1,
5.3-6.8, 2.8-3.5,and 1.8-2.1 mg kg ' (dry weight), respectively. Zinc concentrations in
their corn roots, leaves, upper stems, lower stems, husks, cobs, and kernels were 71.0-
74.6, 72.4-84.8, 26.6-95.3, 24.3-43.7, 48.7-34.5, 38.1-33.9, and 27.2-30.4 mg kg™ (dry
weight), respectively. It is difficult to remove roots from soil for observation, particularly
in the clay subsoil of the soil under study. Observation and analysis of roots in this study
would be helpful in diagnosing Al, Cu, Mn, and Zn phytotoxicity and is recommended

before termination of the field study.
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Conclusions

A sludge-related decrease in corn and sorghum yields occurred every year, 8 to 10
years following sludge application, on a Davidson clay loam. Yield decreases at the higher
sludge rates were attributed to a combination of Al, Mn, Cu, and Zn phytotoxicity induced
by low soil pH levels. Sludges are an important long-term source of Cu and Zn in
agricultural soils. As previously pointed out, phytotoxicity was selected as the most
limiting route of environmental exposure in land application of sludge-applied Cu and Zn

in the development of the recent Part 503 sludge regulations.

Soil management practices strongly affect the phytotoxicity of Cu and Zn, particularly
maintenance of soil pH. The author recommends that in addition to meeting ceiling
concentrations and pollutant concentration limits as outlined in current sludge regulations,
former USEPA guidelines should be followed as regards the maintenance of soil pH > 6.5.
Monitoring of soil pH is necessary because various factors such as acidic rainfall and

nitrogen fertilization can increase soil acidity and necessitate corrective measures.

Virginia is becoming increasingly deficient in feedgrain production, threatening the
economic viability of the state’s livestock and dairy sectors (Purcell, 1996). It has been
estimated that Virginia’s average corn grain yields would have to increase 564 kg ha !
to be competitive on a statewide basis (Purcell, 1996). Improvement in soil moisture
retention would improve yields, therefore addition of organic matter via sludge application

could assist the state with that competitive increase.
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COPPER ADSORPTION ON A SLUDGE-AMENDED
DAVIDSON CLAY LOAM

LITERATURE REVIEW

Adsorption of Cu in soils is influenced by the clay mineralogy and organic matter
content of the soil and the Cu concentration, pH, and ionic strength of the soil solution.
In this study, the long-term effects of sludge amendment on Cu adsorption were
investigated. The effect of pH on Cu adsorption was considered important to this study
because of the low soil pH levels that were investigated. The effect of ionic strength on Cu

adsorption was researched as well.

The edges of layer silicate clays provide adsorption sites for heavy metals, but to a
lesser extent than oxides of Fe, Al, and Mn (McBride, 1994). Adsorption of Cu on
hydrous oxides of Al, Fe, and Mn has been reported for some time (Ellis and Knezek,
1972). It has been proposed that metal availability is controlled mainly by interactions with
Fe and Mn hydroxides (Jenne, 1968). King (1988) determined that metal retention in
several southeastern United States soils was related to Fe oxide content. A selective

adsorption of heavy metals to the oxygen and hydroxyl surface groups of Fe oxides occurs
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because they readily form hydroxy species (Bell et al., 1991). The specific adsorption of
metal cations in soil clays increases with pH (McBride, 1994). Copper has a higher affinity
for Fe oxides than Zn and a greater affinity for Al oxides than other heavy metals
(McBride,1989).

The role of soil organic matter on heavy metal retention has been widely studied.
Soil organic matter consists mainly of humic and fulvic acids, which are involved in
complexation with heavy metals. The sorption of Cu on humic acids ranges from 48 to 160
mg Cu g (Stevenson and Fitch, 1981). Copper complexes of fulvic acids are more soluble
than those of humic acids (Stevenson and Fitch, 1981). Temminghoff et al. (1994)
reported that at low pH (4.4) Cu was predominately bound by the fulvic fraction of the
soil and at pH 5.7 by the humic fraction of the soil.

Soil organic matter contains many different types of functional groups, such as
carboxylic, phenolic, amine, and carbonyl groups, that are involved in metal adsorption.
Generally Cu is considered to undergo an inner-sphere complexation with functional
groups of organic matter (McBride, 1994). Copper has a greater ability to form complexes
with organic matter than other heavy metals (McBride, 1994). Trivalent cations of Al and
Fe form stronger complexes with organic matter than Cu and can reduce Cu adsorption
through competition for binding sites (Stevenson and Fitch, 1981). The desorption of Cu
from organic matter is several orders of magnitude slower than adsorption (McBride,
1994).

The Langmuir equation was chosen to model the adsorption data in this research. The
equation was developed in 1918 to describe the adsorption of gasses on a clean solid
(Langmuir, 1918). Soil scientists began using the equation in the 1950s (Fried and
Shapiro, 1956; Olsen and Watanabe, 1957) and by the mid 1970s it was extensively used

to model adsorption in soils. The Langmuir equation has been popular because it provides
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a theoretical adsorption maximum and a coefficient theoretically related to bonding
energy. The limitations of the Langmuir equation for soil scientists, many of which had
been overlooked, began to appear in publications in the late 1970s and early 1980s
(Griffin and Au, 1977; Harter and Smith, 1981; Veith and Sposito, 1977; and Sposito,
1982).These limitations include:

1. It cannot apply to sorption phenomena governed by a solubility product,

2. It describes precipitation data as well as it does adsorption data, and

3. Ions in solution are not independent in their action.
Despite these limitations, the equation has been used by a large number of soil scientists
with apparent success, with adsorption maxima approximating actual adsorption (Harter

and Smith, 1981).
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MATERIALS AND METHODS

The batch-adsorption or static-equilibrium technique was used to assess the capacity
of the soil to adsorb Cu. This technique involves mixing a determined mass of adsorbent
with an aqueous solution containing known concentrations of solute for a determined
period of time. The solution is analyzed after it is separated from the adsorbent to
determine the amount of solute adsorbed. The difference between solute concentration
before contact with the adsorbent and after mixing (the equilibrium concentration) is
assumed to be the amount of solute adsorbed. Guidelines made by the USEPA for
conducting this procedure were consulted (Roy et al., 1991). Two methods of the batch-
adsorption technique were used for comparison: the constant soil:solution ratio method
and the variable soil:solution ratio method (Roy et al., 1991). The data generated was
used to construct equilibrium adsorption isotherms. The effects of soil pH and ionic

strength on Cu adsorption were investigated in this research.

Adsorbent Preparation

Description of the soil used in this study, a Davidson clay loam, can be found in
Chapter 2. Soil from the 0, 42, and 210 Mg dry sludge ha” treatments were utilized in
the adsorption studies. We obtained 1.02 kg soil per field plot from the 0-to 15-cm depth
of the surface horizon. Soil from the four replication plots of each treatment were
combined, yielding a total of 4.1 kg soil per treatment. The soil was air-dried rather than
oven-dried to minimize changes that can occur from oven-drying. Such changes include
increases in pH (Van Lierop and Mackenzie, 1977, Raveh and Avnimelech, 1978),
hydrophobicity (Debano and Hamilton, 1976), and both cation and anion exchange
capacity (Harada and Wada, 1974). The soil was ground to pass a 2-mm sieve.
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Solute Preparation

Copper adsorption was determined using a range of 0 to 100 pg ml ! Cu in the
constant soil:solution ratio method and a single concentration of 100 ug ml™ Cu in the
variable soil:solution ratio method. Copper was supplied as Cu(ClO,), A background
electrolyte, 0.02 M NaClOQ,, was added to the Cu(ClO,), solution to reduce the formation
of ion pairs. Both synergistic and antagonistic effects have been observed with the use of
background electrolytes in some soil-solute systems (Roy et al., 1991). The effect of the
background electrolyte on Cu adsorption was investigated in an ionic strength study in this

research.

Methods of Mixing and Phase Separation

The mechanical devise used to agitate the solid-liquid mixture during the equilibration
period was a reciprocating water bath shaker (Precision Model 50). The mixture was
agitated at 29 rpm at 25 + 0.5°C. Tubes were placed in a horizontal position to permit

adequate mixing. Solid and liquid phases were separated by centrifugation

Analyses of Equilibrated Solutions

After centrifugation, the pH of the equilibrated solution was measured. The electrical
conductivity of the equilibrium solution was also measured using a conductivity meter
with a cell constant of 0.609. The ionic strength of equilibrated soil-solution can be
estimated by the equation

1=0.0127 X EC (Griffin and Jurinak, 1973)
where 1 = ionic strength in mol L', and

EC = electrical conductivity in dS m™.
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The USEPA Technical Resource Document for batch-type procedures emphasizes that
failure to measure and report pH and EC data can make adsorption data difficult to
interpret (Roy et al., 1991). The supernatant was then filtered through Whatman # 42 filter

paper and analyzed by atomic absorption spectrophotometry.

Determination of Soil:Solution Ratio

Measurable, statistically significant differences in equilibrium concentrations are
required for construction of adsorption isotherms. The selection of a soil:solution ratio
that permits sufficient adsorption of the solute for such measurable differences is
necessary. If the soil:solution ratio is too high, small differences in concentration between
large amounts of solute will be measured. If the ratio is too low, small differences in

concentration between small amounts of solute will be measured (Roy et al., 1991).

The soil:solution ratio for this study was determined by the procedure recommended

by the USEPA for ionic solutes for the batch-type adsorption technique (Roy et al., 1991).
In this procedure a series of soil:solution ratios ranging from 1:4 to 1:500 are tested and
evaluated for solute adsorption. The soil:solution ratio is considered to be the oven-dry
equivalent mass of adsorbent (g) per volume (ml) of solution. Two replications of soil
from treatments receiving O (control) and 210 (high-sludge) Mt dry sludge ha™ were used
in this procedure. The moisture content of air-dried soil was calculated with 10-g
subsamples dried at 105°C for 24 hours. The air-dry soil mass equivalent to the desired
mass of oven-dried soil was then determined for each of the ratios (Table 28) using the
following equation:

A=M,[1+(M/100)]
where A = air dry soil mass (g),

M, = mass of oven-dried soil desired (g), and

M = percent moisture.
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The volume of solution containing the solute was 80 ml, a decision based on the

availability of 100-ml polypropylene centrifuge tubes for use in this study.

Table 28. Soil-solution ratios evaluated in determination of an appropriate soil:solution
ratio for Cu adsorption studies on a sludge-amended Davidson clay loam.

Soil-Solution | Air-dry Soil | Oven-dry Soil Solution
Sludge Rate Ratio Weight Equivalent Volume
Mt ha ™ gml™ g ml
0 1:4 20.41 20.00 80
1:5 16.33 16.00 80
1:10 8.16 8.00 80
1:20 4.08 4.00 80
1:40 2.04 2.00 80
1:60 1.36 1.33 80
1:100 0.82 0.80 80
1:200 0.41 0.40 80
1:500 0.16 0.16 80
210 1:4 20.53 20.00 80
1:5 16.43 16.00 80
1:10 8.21 8.00 80
1:20 4.11 4.00 80
1:40 2.05 2.00 80
1:60 1.37 1.33 80
1:100 0.82 0.80 80
1:200 0.41 0.40 80
1:500 0.16 0.16 80
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Four replications of each treatment were used for isotherm data. Eighty ml of a Cu
(Cl0,), /NaClO, solution containing 100 pg ml" Cu was added to the weighed soil. This
procedure recommends that the highest solute concentration that will be utilized in the
adsorption studies be used to determine the soil:solution ratio. We selected 100 ug ml™
Cu based on a study conducted by Zhu et al. (1991). In that study, up to 100 pg ml" Cu
was used to determine Cu adsorption on a clay loam amended with Cu-enriched hog

manure. The adsorption maxima for that soil was 69.0 ug g™

The soil:solution mixture was continuously agitated for 24 hours at 25° C, centrifuged,
filtered, and analyzed as previously described. Adsorbed Cu was calculated by subtracting
the equilibrium concentration from the initial concentration. The USEPA recommends the
use of a soil:solution ratio that produces a value of 10% to 30% adsorption (Roy et al.,
1991). They assert that adsorption in this range provides statistically acceptable data for
the construction of adsorption isotherms. The percent of solute adsorberd was calculated

using the equation

%A = (E";C) X100 (Roy et al, 1991)

where %A = percent adsorbed,
Co = initial solute concentration ( ug ml™), and

C = solute concentration after contact with the adsorbent.

The amount of Cu adsorbed by the control and highest sludge treatment soils is
presented in Table 29. The pH and electrical conductivity of the equilibrium solutions
were measured (Table 30 and 31). A soil:solution ratio of 1:100, which generated
between 10% and 30% adsorption for both treatment soils, was selected (Table 28). This
ratio was used to determine equilibration time and construct constant soil:solution

isotherms.
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Table 29. Copper adsorption on control and high-sludge treatment soils at various
soil:solution ratios.

Percent Cu Adsorbed
Soil:Solution Replication Control Soil High-Sludge Soil

Ratio

1:4 A 95.2 99.1

B 95.1 99.1

1:5 A 92.4 98.6

B 92.4 98.7

1:10 A 76.6 94.9

B 76.3 94.7

1:20 A 54.5 80.1

B 55.1 79.3

1:40 A 34.5 54.5

B 334 55.1

1:60 A 25.8 41.2

B 26.4 41.5

1:100 A 17.7 27.8

B 17.0 28.1

1:200 A 12.5 16.9

B 10.5 17.7

1:500 A 6.5 9.6

B 7.2 10.6
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Table 30. Levels of pH measured in equilibrated solutions used in determination of a

soil:solution ratio for Cu adsorption studies.

Soil:Solution pH of Equilibrated Solution
Ratio Control Soil High-sludge Soil
Replication A | Replication B | Replication A | Replication B
1:4 4.47 4.41 4.95 493
1:5 441 4.41 4.88 491
1:10 431 433 4.72 4.73
1.20 429 430 4.55 4.53
1:40 4.29 431 4.44 4.46
1:60 429 429 440 441
1:100 4.28 428 437 4.38
1:200 432 433 4.40 439
1:500 442 4.42 4.41 441
Blank 4.71 4.71 4.62 4.61
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Table 31. Electrical conductivity measurements of equilibrated solutions used in
determination of a soil:solution ratio for Cu adsorption studies.

Soil:Solution Electrical Conductivity of Equilibrated Solution (dS m ™)

Ratio Control Soil High-Sludge Soil
Replication A | Replication B | Replication A | Replication B

1:4 2.68 2.74 2.74 2.78
1:5 2.65 2.67 2.71 271
1:10 2.64 2.62 2.65 2.65
1:20 2.61 2.54 2.62 2.62
1:40 2.57 2.52 2.60 2.58
1:60 2.55 2.52 2.57 2.58
1:100 2.58 2.58 2.58 2.58
1:200 2.54 2.54 2.54 2.56
1:500 2.54 2.54 2.53 2.51
Blank 2.59 2.60 2.60 2.58
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Determination of Equilibrium Time

The equilibration time in batch-adsorption experiments is reached when the
concentrations of products and reactants no longer change with respect to time (Roy et
al., 1991). This experimental variable needs to be determined for any system before
generating data for adsorption isotherms. Adsorption is usually a fast process and it is
difficult to determine over time whether adsorption, penetration, or preciptation of an
ionic solute is occurring with soil adsorbents (Roy et al., 1991). The USEPA (1982; 1991)
recommends that the equilibration time should be the minimum amount of time required
for < 5% change in solution concentration per 24 hour time interval. ~ Six agitation
intervals were evaluated to determine equilibration time: 0.5, 1, 4, 12, 24, 48, and 72
hours. The change in solute concentrations was determined using a 1:100 soil:solution
ratio in the manner described previously for determining soil:solution ratio. The rate of

change in the solute concentrations at the various agitation intervals was calculated with

the following:
C-C
%hoC = 1= &) X 100

1

where %aC = percent change,
C, = concentration of the solute before agitation, and

C, = concentration of the solute after agitation for a given time interval.

The rate of change in the solute concentration for soils from the 0 (control), 42 (low-

sludge), and 210 (high-sludge) Mg dry sludge ha™ treatments were determined using two
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replications (Table 32). The minimum time required for < 5% change in solute
concentration was one hour (Table 32). However, an equilibration period of 24 hours was
chosen for the following reasons: similar Cu adsorption studies have used 24 hours (Zhu
et al.,, 1991; Reed, 1993), only a few pg Cu ml” difference in equilibrium solute
concentration were observed between 1 hour and 24 hour agitation intervals, the rate of
change of the solute concentration at 24 hours for all treatments was < 5%, and it was
convenient. The pH and electrical conductivity of the equilibrated solutions were

measured (Table 33 and 34).

Table 32. Rate of change in solute concentrations of equilibrated solutions at various
agitation intervals.

Equilibrium Solute Concentration Change in Solute Concentration
Agitation Low High Low High
Time Control Sludge Sludge Control Sludge Sludge
L ---pgml ™ %

0.0 100.0 100.0 1000 | s | e | e
0.5 86.5 825 80.1 13.5 17.2 19.9
1.0 87.8 84.5 80.3 0.6 -0.1 3.8
40 87.5 83.0 71.7 0.3 1.8 0.0
12.0 85.5 81.4 77.2 23 1.9 0.6
24.0 843 80.6 75.6 1.4 1.0 2.1
48.0 85.8 80.8 75.1 -1.7 -0.2 0.7
72.0 86.0 80.8 73.7 -0.2 0.0 1.9
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Table 33. Levels of pH in equilibrated solutions used in determination of an
equilibration time for Cu adsorption studies.

Average pH of Equilibrated Solution
Agitation time (h) Control Low-Sludge High-Sludge
0.5 4.19 4.36 4.32
1.0 4.16 431 431
4.0 4.15 4.29 4.32
12.0 4.19 4.39 4.35
24.0 4.20 4.39 4.35
48.0 4.19 4.34 4.35
72.0 4.19 4.34 4.34

Table 34. Electrical conductivity of equilibrated solutions used in determination of
equilibration time for Cu adsorption studies.

Electrical Conductivity of Equilibrated Solution (dS m™)
Agitation Time (h) Control Low-Sludge High-Sludge
0.5 2.46 2.50 2.51
1.0 2.50 2.51 2.52
4.0 2.48 2.47 2.46
12.0 2.36 2.50 2.48
240 2.44 2.64 2.58
48.0 2.45 2.64 2.72
72.0 242 2.41 2.42
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Constant and Variable Soil:Solution Ratio Methods

Two experimental methods were used to generate batch-adsorption data: the constant
soil:solution ratio method and the variable soil:solution ratio method. The two methods
were compared in the determination of long-term effects of sludge amendment on Cu
adsorption. An isotherm produced by variable soil:solution ratios is considered to be more
environmentally conservative and is referred to as an environmentally conservative
isotherm (ECI) (Roy et al., 1991). An isotherm produced by the constant soil:solution

ratio method is referred to as a constant soil:solution ratio isotherm (CSI).

In the constant soil:solution method, the amount of adsorbent is kept constant and
solutions with progressively decreasing solute concentrations are mixed with the
adsorbent. This has been the most common method used in batch-adsorption studies. In
the variable soil:solution method, the solute concentration is held constant and increasing
amounts of adsorbent are mixed with the solute solutions. The USEPA recommends the

ECI as the method of choice for batch-adsorption studies (Roy et al., 1991)

A soil:solution ratio of 1:100 and Cu concentrations ranging from 0 to 100 ug Cu ml”
were used in the constant soil:solution method. A Cu concentration of 100 ug Cu ml™ and
soil:solution ratios of 1:4, 1:10, 1:20, 1:40, 1:60, 1:100, 1:200, and 1:500 were used in the

variable soil:solution method.

Construction of Adsorption Isotherms

The USEPA guidelines for construction of both CSI and ECI isotherms (Roy et al.,
1991) were used in this research. Six data points were used to construct the ECI
- a minimum of 5 data points are recommended. Soil:solution ratios which generated

< 10% adsorption of the solute were not used for the ECI, as recommended. A
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soil:solution ratio of 1:100, which generated between 10% and 30% solute adsorption,

was used to construct the CSI, as recommended.

The amount of solute adsorbed by the adsorbent was calculated with the following

equation:

xm=C_-C (V) (Roy et al., 1991)
m

where  x/m = amount of solute adsorbed per unit mass of adsorbent in pg g™,
m = mass of adsorbent (oven-dried basis) in g,
C, = initial solute concentration before contact with adsorbent in pg mi™,
C = equilibrium solute concentration after contact with adsorbent, and

V = volume of solute solution in ml.

In the construction of the isotherms, the equilibrium concentration ( C ) was plotted on
the x axis and the amount of adsorbed solute ( x/m ) was plotted on the y axis. The linear

form of the Langmuir equation was used to model the adsorption data:

c_1. ¢
—_—— A —
Vm

x/m V. b

where C = the equilibrium concentration of Cu in solution,
x/m = Cu adsorbed per unit mass of soil (ug Cu g™ soil),
V., = the adsorption capacity (adsorption maximum), and

b = the coefficient related to the bonding energy.
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pH Study

The pH of the soil was altered to ascertain the effect of pH on Cu adsorption on the
Davidson clay loam. Soil from the 0, 42, and 210 Mg dry sludge ha™ treatments were
used in this study. One hundred g subsamples of soil were amended with Ca(OH), at
rates of 896, 1792, 2688, 3584, and 5040 kg ha™ and AlISO, at rates of 1344 and 5376
kg S ha . The soils were wet with deionized distilled water and allowed to dry

continuously over a period of four weeks.

Ionic Strength Study

The concentration of the background electrolyte, NaClO, was varied in this study to
determine the effects of ionic strength on Cu adsorption on the Davidson clay loam. Soil
from the 0, 42, and 210 Mg dry sludge ha™ treatments were used. Background electrolyte

concentrations of 0, 0.02, and 0.05 M were compared.
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RESULTS AND DISCUSSION

Adsorption is a very complicated process. There is a continuum between low surface
coverage where surface complexation dominates (adsorption) and high surface coverage
where precipitation dominates (Sparks, 1995). Precipitation may be reflected in the
adsorption isotherms generated in this study. Sparks (1995) states that one cannot
differentiate between adsorption and precipitation using adsorption isotherms. The
Langmuir equation used to model adsorption in this study describes precipitation as well
as it describes adsorption (Veith and Sposito, 1977). The adsorption isotherms presented
herein should provide a good estimate of Cu retention in the soil because Cu is tightly
bound through inner-sphere comlexation in adsorption and Cu precipitates are very
insoluble. Adsorption maxima obtained with the Langmuir equation are considered
applicable for soil scientists (Harter and Baker, 1977). The adsorption maxima presented
herein should have practical significance in determining Cu loading rates for sludge

application, particularly under low soil pH conditions.
Long-Term Effects of Sludge Amendment on Copper Adsorption

Long-term effects of sludge-amendment were observed in the adsorption study.
Adsorption of Cu increased with an increase in sludge rate (Figures 6 and 7). This
increase is attributed to the higher soil organic matter levels in the sludge treatments
(Table 8). Organic matter is a very important sorbent for metals in soil because of its high
specific surface and high CEC. The specific surface of soil organic matter can be as great
as 800-900 m* g™ (Sparks, 1995) and it has been estimated that up to 80% of soil CEC is
due to organic matter (Stevenson, 1982). Zhu et al. (1991) reported that soils amended

with Cu-enriched hog manure had increased Cu sorptive capabilities, which was attributed
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Figure 6. Long-term effect of sludge amendment on Cu
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to higher organic matter levels in manure-amended soils. Karapanagiotis et al. (1991)
reported that addition of sludge organic matter enhanced Cu retention in a sludge-

amended soil and that Cu was bound stronger than Zn with organic substances.

Copper adsorption varied between the constant soil:solution ratio (CSI) and variable
soil:solution ratio (ECI) methods used to evaluate long-term sludge effects on Cu
adsorption (Figures 6 and 7). The ECI method did not, as expected from USEPA
recommendations (Roy et al., 1991), yield the most environmentally conservative estimate
of the soil’s capacity to adsorb Cu. The adsorption maxima obtained with the ECI
isotherm were higher in all treatments than those obtained with the CSI isotherm (Table
35), particularly in the unamended control treatment. However, the equilibrium
concentrations of Cu with a 1:100 soil:solution ratio and 100 xg ml” solute concentration
were similar between the two methods (Table 36). The adsorption maxima for the
unamended control soils obtained by both methods (Table 35) reveal that the Davidson
clay loam has a high adsorption capacity for Cu. The retention of metals by several soils of
the southeastern United States, including a Davidson soil, was studied by King (1988).
He found that the Davidson soil was superior to the organic soils in metal retention and
explained his findings by a strong relation between Fe oxide content and metal retention.
Electrical conductivity and pH measurements of the equilibrated solutions in the CSI and
ECI methods are presented in Tables 36-40.
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Table 35. Copper adsorption maxima obtained from the Langmuir model by the CSI

and ECI methods.
Sludge rate CSI Method ECI Method
Mt ha ug Cug’ kg Cu ha™ ug Cug’ kg Cu ha!
0 1554.8 3482.7 2302.4 51573
42 2009.5 45013 2083.6 4667.3
210 2450.4 5488.9 2662.1 5963.1

Table 36. Comparison of equilibrium Cu concentrations (ug ml™") between CSI and ECI
methods (1:100 soil:solution ratio and 100 pg ml” solute concentration).

Method Control Low-Sludge High-Sludge
CSI 89.8 85.3 79.7
ECI 86.7 83.1 76.6

Table 37. Levels of pH in equilibrated solutions used in the CSI method.

Concentration of
Solute (Cu) Equilibrium pH
g mi? Control Low-Sludge High-Sludge

0 5.27 5.72 5.68

20 4.46 4.78 4.76

40 4.62 4.63 4.69

60 4.62 4.54 4.57

80 4.94 4.49 4.49

100 4.92 4.44 4.42
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Table 38. Electrical conductivity in equilibrated solutions used in the CSI method.

Concentration of Equilibrium Electrical Conductivity
Solute (Cu) (dS m™)

ug ml™ Control Low-Sludge High-Sludge

0 2.05 2.20 2.23

20 2.17 2.21 2.19

40 2.20 2.27 2.20

60 2.40 237 2.44

80 2.47 2.52 2.50

100 2.51 2.55 2.60

Table 39. Levels of pH in equilibrated solutions used in the ECI method.

Equilibrium pH
Soil:Solution Ratio Control Low-Sludge High-Sludge
1:4 3.93 4.01 4.12
1:10 3.80 3.92 3.99
1:20 3.83 3.94 3.91
1:40 3.85 3.91 3.93
1.60 3.85 3.94 3.93
1:100 4.02 4.06 4.02
1:200 3.95 4.03 4.03
1:500 4.00 3.96 4.02
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Table 40. Electrical conductivity of equilibrated solutions used in the ECI method.

Equilibrium Electrical Conductivity (dS m™)
Soil:Solution Ratio Control Low-Sludge High-Sludge
1:4 2.75 2.7 291
1:10 2.73 2.71 2.76
1:20 2.72 2.72 2.71
1:40 2.73 2.72 2.75
1:60 2.67 2.63 2.65
1:100 2.63 2.63 2.51
1:200 2.73 2.70 2.70
1:500 2.78 2.78 2.80

Effect of pH on Copper Adsorption

An increase in Cu adsorption was observed with increased pH in all of the treatments

(Figures 8-10). This pH effect on Cu adsorption has been observed by others (Kishk and
Hassan, 1973; Forbes, 1976, McBride and Blasiak, 1979; Kuo and Baker, 1980; Sanders,
1982; Reed, 1993). As the soil pH increases, the negative charge increases due to
deprotonation or dissociation of H' from functional groups of organic matter and from
edges of kaolinite surfaces (Sparks, 1995). Kishk and Hassan (1973) investigated sorption
of Cu by clay minerals as a function of pH and reported that kaolinite retained more Cu
than its CEC at pH values above 5.0. The mineralogy of the Ap horizon of the soil under
study is dominated by kaolinite and the organic matter levels in all of the treatments are in
the high to very high range, therefore there should have been a considerable increase in
negative charge with increased pH. The variable charge of the Fe oxides, which also

adsorb Cu, contributed to the increased Cu adsorption with increased pH. Sanders (1982)
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also observed an increase in Cu adsorption with increasing pH. He reported that the
proportion of Cu present as cupric ion decreased with pH increase. The cupric ion is
generally assumed to be the most plant available species of Cu, therefore it plays an

important role in Cu phytotoxicity.

Regardless of pH, Cu adsorption increased with sludge rate. A comparison of Cu
adsorption between the treatments is depicted at a pH range of 4.5-4.9 in Figure 11.
Electrical conductivity and pH measurements of the equilibrated solutions in the pH study

are presented in Tables 41-46.
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Effect of Ionic Strength on Copper Adsorption

A reduction in Cu adsorption ocurred with an increase in ionic strength using NaClO,
as a background electrolyte (Figures 11-13). Garcia-Miragaya and Page (1976,1977)
reported a decrease in Cd adsorption by montmorillonite with increasing ionic strength
using either NaClO,, NaCl, or Na,SO,. They attributed the decreased adsorption to
competition of Na* and Cd ** for exchange sites and a decrease in Cd** activity in solution
with the increase in ionic strength. The inhibitory effects of added Ca, Mg, and K on Cu
and Zn adsorption were investigated by Zhu and Alva (1993). They observed a decrease in
Cu and Zn adsorption with an increase in exchangeable cation concentration. They
concluded that the major factor reducing Cu adsorption was ion competition. They also
observed that the inhibitory effects of cations on Cu and Zn adsorption were greater in
lower pH soils. With the low soil pH levels in this study, the effect of ionic strength on Cu
adsorption was probably greater than would have been observed if soil pH had been
maintained at levels commonly used for corn and sorghum production. Electrical
conductivity and pH measurements of the equilibrated solutions in the ionic strength study

are presented in Tables 47-49.
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Figure 12. Effect of ionic strength on Cu adsorption in the
control treatment.

Chapter 4 151



42 Mt dry sludge ha™

2500 -
A
2000 -
"_;)\ 1500 -
2
=}
© 10004
o
£
2 4 0.00 M NaCIO,
500 -
< e 0.02MNaClO,
= 0.05MNaCIO,
0-
1 { v 1 T L T 1 v |
0 20 40 60 80 100

Equilibrium Cu Concentration (ug mi™)

Figure 13. Effect of ionic strength on Cu adsorption in the
low-sludge treatment.
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Figure 14. Effect of ionic strength on Cu adsorption in the
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CONCLUSIONS

Copper adsorption was greater in the sludge-amended soils than in the control. The
adsorption capacity of the soil was apparently increased by the organic matter supplied by
the sludge. Beckett et al. (1983) also reported an increase in metal binding capacity as a
result of sludge application. A major portion of sludge organic matter is relatively
persistent (Terry et al., 1979). In a study by Sposito et al. (1982), the fulvic acid fraction
of soil which had received repeated sludge applications was more typical of sludge-derived
material than soil-derived material. At high application rates, the sludge matrix is involved

in trace element binding (Logan et al., 1997).

Copper adsorption increased with pH in all of the treatments. Regardless of pH , Cu
adsorption remained highest in the high-sludge treatment. Temminghoff et al. (1994)
observed that Cu binding to soil humic and fulvic fractions increased as pH increased.
Negative charges on kaolinite edges arise at alkaline pH levels as adsorbed protons are
removed (White and Zelazny, 1988). Kishk and Hassan (1973) studied the adsorption of
Cu by different clay minerals as a function of pH and concluded that the increase in pH-
dependent charge of kaolinite contributed to increased Cu adsorption at high pH levels.
Copper ions are adsorbed by Fe, Al, and Mn oxides and hydroxides, which also have pH-
dependent charges (James and Barrow, 1981). Copper adsorption decreased with ionic
strength. Increases in ionic strength decrease the activity of free Cu** ions (Zhu and Alva,

1993).
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OVERALL CONCLUSIONS AND
RECOMMENDATIONS

This study was a continuation of research conducted by Rappaport et al. (1988) in
1984, in which a single application of heavily contaminated sewage sludge applied
at rates up to 210 mt ha " supplied up to 760 Cu and 620 kg Zn ha ' on a Davidson clay
loam. The levels of sludge-applied Cu and Zn exceeded USEPA guidelines at that time,
which were based on the maintenance of soil pH at > 6.5 (USEPA, 1983). The 1984
application levels of Cu and Zn are below current cumulative loading rates; however, they
exceed annual loading rates (USEPA, 1993). The concentrations of Cu and Zn in the
sludge (3653 and 2982 mg kg ", respectively) would not meet current criteria for high
quality sludge and therefore the sludge would have restrictive requirements and
management practices. Soil pH levels at the experimental site were not maintained at the
recommended pH of > 6.5 and decreased to levels capable of inducing metal

phytotoxicity.

Field and laboratory studies were conducted from 1992 -1995 with the following
objectives: 1) to determine the long-term effects of the sludge application on Cu
availability and adsorption, 2) to ascertain pH effects on Cu adsorption on the soil, and 3)
to evaluate corn and sorghum response to metal toxicity following sludge application. The

long-term effects of sludge amendment on Zn availability, soil organic matter, CEC,
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soluble salts, and Mehlich-1 extractable P were also investigated during the course of the
field study. Effects of pH and ionic strength on Cu adsorption were investigated in a

laboratory study. The major conclusions from this research are summarized as follows:

1. Sludge amendment had a long-term effect on soil organic matter. High soil organic
matter levels persisted in the sludge treatments 11 years after sludge application, with
levels at the high sludge rate almost double those of the unamended control. An
increase in CEC was observed with sludge rate, which was attributed to the higher

amounts of organic matter in the sludge treatments.

2. Soluble salt levels were unaffected by sludge rate and were well below levels reported

to reduce corn and sorghum yields.

3. Mehlich-1 extractable P increased with level of sludge application, reflecting the high
level of P supplied by the sludge (6657 kg ha ) and the relatively slow reversion of

P to insoluble forms in the soil.

4. There was a linear increase in DTPA-extractable Cu and Zn with sludge application
rate, a trend also observed by Rappaport et al. (1988) in the year following sludge

application.

5. Stunting was apparent in early corn growth where higher levls of sludge were applied
to the soil.

6. Copper concentrations in corn and sorghum tissue were above the normal range on the
sludge treatments. Zinc tissue concentrations exceeded the toxic concentration of 100
mg kg ' on sludge treatments. The elevated levels of Cu and Zn in plant tissue were

attributed to increased availability under acidic soil conditions.
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7. Corn and sorghum yields decreased with sludge rate, in direct contrast to what
Rappaport et al. (1988) observed in 1984. A combination of Al, Cu, Zn, and Mn
phytotoxicity was probably responsible for the yield decrease.

8. Levels of Cu and Zn in corn and sorghum seed were within the normal range on the

sludge-amended soil and were suitable for livestock feed.

9. Copper adsorption increased with sludge rate. It also increased with pH due to an
increase in negative charge from deprotonation of hydroxyl groups on organic
matter, kaolinite edges, and Al and Fe hydroxides in the soil. Copper adsorption

decreased with ionic strength, most likely the result of decreased activity of Cu ions.

Long-term benefits of sludge application included increases in available P, CEC,
and organic matter. The most important benefit was an increase in organic matter, which
improves water retention and infiltration in soil. This is an important benefit in Virginia,
where water is the most limiting factor for crop growth. It is apparent from both the field
and laboratory studies that careful management of sludge-amended soils is necessary to

reduce the availability of sludge-applied Cu and Zn and therefore prevent metal toxicity.

Recommendations for Future Research

The experimental site will be valuable in furthur long-term research on sludge

amendment. The author makes the following recommendations for future research:

1. Crop root tissue should be analysed to determine levels of Al, Cu, Zn, and Mn, which

are suspected of causing phytotoxicity.

2. Soil pH levels should be increased to determine if crop yields will improve in the sludge
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treatments.
3. Crops other than corn should be grown on the experimental site because most of the

past sludge research has utilized corn.
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