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ABSTRACT

A short-term greenhouse modification of the Stanford and DeMent 

(1957) root-mat technique for nutrient absorption was developed to 
evaluate the uptake levels of selected heavy metals (Cd, Cu, Fe, Mn,

Ni9 and Zn) by barley seedlings in the greenhouse, and the results were 

compared to field metal uptake from the same sludges, as well as DTPA 

extractability for the metals involved, Results showed that although 

quantitative predictions of field uptake rates are not possible due to 

variations between the two growing media, greenhouse metal uptake 

patterns are a good qualitative predictor of Cd, Fe, Mn, Ni, and Zn 

uptake in the field» DTPA extractability is well correlated with up

take of Cd, Mn, and Zn provided substantial variability occurs in 

sludge levels of these metals. DTPA extractability does not appear 

promising as a predictor of Cu, Fe, and Ni uptake, and total sludge con

tent of these metals may be a better predictor of field uptake patterns. 

Nitrogen plots lower tissue levels of Fe and Ni due to dilution effects 

caused by accellerated plant growth under these conditions.

vii



INTRODUCTION

Because of the threatening energy shortage and the high cost of 

fertilizers, land application of sewage sludge is now being studied for 

its potential as an attractive alternate fertilizer and soil condi

tioner. Considerable data has accumulated recently on the various ef

fects that land application of municipal sewage sludge can have on crop 

production and quality. These include, among others, effects on yields 

as well as changes in the plant tissue concentrations of various heavy 

metals which are present in these materials. Sludge materials contain 

most of the major nutrients necessary for plant growth, and the poten

tial for their beneficial use is often related to the concentrations of 

these nutrients in the sludges. This feasibility hinges primarily on 

the sludges capacity to supply these plant nutrients readily without 

contributing to the accumulation of toxic constituents, especially heavy 

metals* in food crops.

Although much of the present research seems to be fragmentary 

and contradictory, a set of hypotheses about the various effects of 

sludge can form a framework on which to design more meaningful experi

ments.

The thesis adopted for this sludge utilization study is that a

short-term greenhouse root-mat technique can be developed that can help
/evaluate municipal sludges as to their potential hazard for the entrance 

of toxic levels of heavy metals into the food chain. The specific ob

jectives are: (1) To study the extent to which selected heavy metals



are taken up by seedling root mats from sludges applied at different 

rates in a greenhouse container experiment 6 This may prove useful for 

predicting safe field rates of sludge application, as well as identify

ing maximum rates of uptake under field conditions. (2) To study the 

effects of several different incubation times on the uptake of metals 

in the same experimental setting. (3) To study the degree to which 

sludge metal extractability using DTPA relates to the plant uptake of 

these metals in the greenhouse experiment.



LITERATURE REVIEW

Many researchers have demonstrated favorable effects of sludge 

on crop yieldso Bear (1947)9 Dowdy and Larson (1975a), Page (1974), and 

Terman, Soileau and Allen (1973) are some early examples<> More recent 

work has been conducted by Stueky and Newman (1977), Hinesly et alo

(1976), Bingham et al* (1976), and Mitchell et al„ (1978)„ Sheaffer 

et alo (1979a) found significant positive yield responses to 112 mt/ha 

sludge application rates, especially after the soil pH and overall 

fertility had declined, Sikora et al, (1980) reported significant 

grass yield increases which were linearly related to the rate of sewage 

sludge compost applied on two soils, Boswell (1975) obtained forage 

yield increases of 30% on sludge-treated plots over a two year period, 

Hinesly, Jones and Ziegler (1972) found favorable corn yield responses 

could be expected from relatively large sludge applications in a year 

of normal weather conditions, although his later work pointed to some

what greater yield responses in years of somewhat unfavorable weather 

conditions (Hinesly et alo, 1977), Milne and Graveland (1972) also 

found significant yield responses in barley at rates of application as 

high as 100 mt/ha. Nitrogen content of the sludge appeared to be the 

factor that limited yield at low application rates, Almost all of the 

available N was used in the first crop, and P was released in reasonable 

quantities provided N was available. This agrees with work of Mays, 

Terman and Dugan (1973), who report positive yield responses up to 80



mt/ha on bemudagrass> 143 mt/ha on sorghum, and 112 mt/ha on corn.

They found that the effectiveness of sludge nearly always related to N 

and P content, but that K is nearly always deficient. Sommers (1977) 

found that N, P, and K contents of sludge from different sources did 

not vary much. He estimated N:P:K to fall into the ratio 11: 7.6:1 in 

a typical municipal sewage sludge.

There is evidence, however, that sewage sludge does not always 

increase yields at high rates of application. Cunningham, Keeney and 

Ryan (1975) showed significant increases in corn and rye grown on 

sewage sludge-amended soils up to 250 mt/ha but that yields were de

pressed at higher rates. This depression in yields seems due to high 

concentrations of either salts or heavy metals.. Work by Hinesly et al. 

(1972) reports high soluble salt contents can adversely effect corn 

yields on sludge-treated plots, especially under dry growing condi

tions. However, most recent work has focused on the effects that high 

sludge heavy metal concentrations have on plant yields. Webber (1972) 

found reduced plant growth from sewage sludges high in Cu, Ni, and Zn. 

Copper appeared to be twice as toxic as Zn, while Ni was eight times as 

toxic. This lead to the proposal of a "zinc equivalent" for assessing 

phytotoxicity from these metals in sludge-treated soils. However, more 

recent work by Bingham et al. (1979) casts doubt upon the applicability 

of this method since it doesn’t consider effects of crop species, metal 

species, soils, management, or Cd, which is also highly toxic to plants 

and animals. However, there seems to be general agreement that these 

three metals (Cu, Ni, and Zn) do pose the greatest threat to plant



yields and quality (Mortvedt and Giordano„ 1975; Cunningham, Ryan and 

Keeney, 1975; Kelling et'al., 1977)o On the other hand, Sommers (1977) 

and Silveira and Sommers (1977) point to Cd and Pb also as additionally 

potentially hazardous heavy metals, Cd being a more obvious hazard to 

man than plants (Haghiri, 1974)0

Increasing the soil content of N, P, K, and certain trace metals 

is not the only contribution of sewage sludge to soil productivity. 

Sludge contains appreciable amounts of organic matter (Sommers, 1977). 

Sludge has been found to increase not only organic matter content of 

the soil but increase moisture holding capacity, while lowering the bulk 

density and compression strength of the soil-sludge system (Mays et al., 

1973; Terman et al., 1973). What effect these changes in the physical/ 

chemical system of the soil will have on uptake of toxic levels of heavy 

metals by crops seems to be a function of the specific soil and quality 

of the sludge.

One area of interest has been the effect that sewage sludge ap

plications have on soil pH levels. Terman et al. (1973) reported com

post treatments to have a considerable liming effect on soils, and 

Sheaffer et al. (1979b) found sludge treatments significantly increased 

soil pH levels, especially if initial pH values were quite low. On the 

other hand, Schauer, Wright and Pelchat (1980) found sludge applications 

had the effect of lowering pH levels slightly, a finding in agreement 

with Hinesly et al. (1972), who attributed this pH depression to the 

large amounts of nitrogen applied as a constituent of sewage sludges.

Although the observed effects of sludge on pH levels are con

tradictory, the effect that a given pH level has on uptake and



solubility of heavy metals is an area of much agreement. Several re

searchers have confirmed that lower pH levels tend to increase metal 

solubility and hence increase plant uptake (Mitchell et al., 1978;

Page, 1974; Cunningham, Ryan and Keeney, 1975; Dowdy and Larson, 1975a). 

Mahler, Bingham and Page (1978) reported both Zn and Cd solubility de

creased as soil pH increased, and suggested that carbonates or phos

phates of these metals control solubility under high pH conditions. It 

is not surprising, therefore, that some investigators have reported 

success in reducing heavy metal toxicity by liming to the soil to de

crease metal availability (Terman et al., 1973; Lagenwerff et al., 1977; 

Webber, 1972). Bloomfield and Pruden (1975) found that liming decreased 

extractable Ni and Zn, but had no effect on Cu solubility, presumably due 

to its higher affinity for organic matter conplexation (Mitchell, 1978; 

McBride and Blasiak, 1979).

One characteristic of municipal sewage sludges that has made the - 

construction of models to explain metal uptake patterns difficult is 

the high degree of variability that exists between sludges in not 

only total metal content but its form. Silveira and Sommers (1977) 

found that the distribution of Cu, Zn, Cd, and Pb in exchangeable, 

DTPA-extractable, and HNO^-extractable fractions is not similar for 

different sludges, suggesting the metals are found in different forms 

in various sludges. A wide degree of variability occurs in the Pb,

Zn, Cu, Ni, and Cd concentrations in varius municipal sludges. Sommers

(1977) reports a variety of metal species present with no common 

form predominating. This variability also occurs over time at a 

given treatment plant, and seems to be a function of digestor



efficiency, and the composition of the incoming sewage» Good evidence 

is provided by Bradford et al, (1975) that variability in sewage 

sludges is correlated with the type of industry found in a certain 

area* Berrow and Webber (1972) found no correlation between size of 

municipality and sludge metal content for any metal except Cr, but that 

significantly higher levels of Co, Cu, Ni, and Cr originated in loca

tions where electroplating industries were present« These findings also 

agree with work by Boswell (1975),

The presence of sludge metals in a wide variety of forms, es

pecially organic forms, is another area of much recent discussion* In

deed the presence or absence of organic forms of these metals may be a 

crucial factor in determining the extent to which phytotoxicity can 

occur* There is evidence that suggests metals in sludges are in part 

organic as well as inorganic, since water extractable levels of Cu, Zn, 

Ni, Pb, and Cd exceed the solubility products of the hydroxides and 

carbonates of these products (Page, 1974)*

The presence of sludge metals in organic forms introduces a time 

factor into the sludge management picture. Silveira and Sommers (1977) 

report that organic carbon and decomposition rates can also effect 

metal availability due to release of metals originally complexed by 

organic chelates* They concluded that the potential for crop uptake of 

metals will vary with amount and type of sludge applied and time after 

sludge application* Yet Mortvedt and Giordano (1975) found Cr and Zn 

became less available with time* They did not find increased avail

ability of metals during an incubation period of 18 months. Solubilities



of Cu, Nig Zn9 Pb9 Cd, and Cr varied widely depending on the period of 

incubation9 according to Bloomfield and Pruden (1975). Other investi

gators also have reported decreases in metal availability and uptake 

with time (Miller, Hassett and Koeppe, 1977; Cunningham, Ryan and 

Keeney, 1975; Lagenwerff et al., 1977).

The effect that organic matter breakdown has on metal solubility 

and uptake is an area of much present discussion. If metals are in 

organic forms, we would expect soil solution and plant tissue concentra

tion increases over time as organics decompose rather than the decreases 

observed by many researchers„ Indeed, this increase in metal solubility 

over time was advanced by Leeper (1972) as a possible danger when sludge 

was applied to agricultural land and allowed to decompose.

More recent work has shown this to be rather unlikely, however. 

Terry, Nelson and Sommers (1979a, 1979b) found that decomposition of 

sewage sludges was quite rapid in the first 28 days after application, 

but that the majority of sludge organics were resistant to decomposition. 

From this we would expect greatest metal solubilities as a result of 

organic complex breakdown to occur in the first year following sludge 

application. This is in agreement with findings of Hinesly et al.

(1976), who found that accumulative applications of Zn and Cd as con

stituents of sludge effected the concentration levels of Zn and Cd in 

soybean tissues to a lesser extent than did a particular annual applica

tion rate. Sommers, Nelson and Silveira (1979) state that the type of 

treatment occurring during sludge processing will determine to a greater 

extent the amount of decomposition that occurs after application to soil



than the soil or environmental parameters existing at the site, and 

suggest that metal movement can be reduced by applying frequent and 

small amounts of sludge to soil rather than a single large quantity.

The conclusion to be drawn from these data is that (a) the 

particular metal form, (b) the rate of application, and (c) the time 

of incubation all effect the "plant available metal" of a particular 

sludge. It is therefore desirable to be aware of not only what metals 

are present but also to what extent the forms present are available for 

plant uptake before evaluating the consequences of a particular course 

of action.

The use of extracting agents as a guide to determining the 

degree to which heavy metals in sludges are available for uptake by 

plants has received much attention lately. Attempts to correlate EDTA, 

DTPA, acetic acid, HC1, or HNO^ extractable metals with plant metal up

take have met with limited success. Bloomfield and Pruden (1975) found 

that the amounts of metals extracted by acetic acid or EDTA were so de

pendent on the previous treatment of the sludge that reliable measures 

of availability were improbable by this method. No general correlation 

between extractability and toxicity was reported. They believe the use 

of total metal content is the most reliable criteria for evaluation of 

sludge material. Neuhauser and Hartenstein (1980) found the efficiency 

of acetic acid, 0.1 N HCl, and 1.0 N HC1 varied depending on soil type, 

pH, and a host of other factors. Page (1974) reports a much higher 

degree of extractables for sludges than for soils, but the percentage 

of the total metal extracted was not related to its concentration. 

Mortvedt and Giordano (1975) also report that extractable Zn and Cr
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were not proportional to uptake and decreased with time. Bradford et 

al. (1975) attribute inconsistencies between total and extractable 

metal contents in sludges to both variable absorption and precipitation 

reactions and to differences in the chemical form of the same element in 

different sludges. Studies by Silyeira and Sommers (1977) reveal that 

the extractability of metals from sludges is altered during air drying, 

and DTPA-extractable Cu, Zn, Cd, Pb, and Ni increased with time if 

aerobic incubation was used. Sommers et al. (1979) reports that the 

percent of added metals extracted by DTPA varied for each metal and was 

influenced by both the soil type and the source of sludge.

Not all research on extractions have met with poor results, how

ever. Mitchell et al. (1978) found both DTPA and water soluble Zn and 

Cd metal concentrations were significantly correlated with metal uptake 

by plants, but that DTPA may be a better indicator of potential heavy 

metal uptake hazards since the results are not subject to the pH flucua- 

tions that occur in sewage sludge-amended soils. Research by Street, 

Lindsay and Sabey (1977) indicates that DTPA-extractable Cd was highly 

correlated with Cd concentrations in corn seedlings„ Schauer et al. 

(1980) found the levels of DTPA extractable heavy metals in the soil 

supported the results of plant tissue analyses.

Regardless of the exact reason for the inconsistencies in sludge 

extraction research to date have been, it appears obvious that the use 

of extraction as a method of determining the availability to or uptake 

of potentially hazardous metals by plants is subject to considerable 

limitations at the very least.
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Regardless of the degree to which we can predict metal uptake 
on the basis of extractability or metal form, the research documenting 

uptake of particular metals by plants is quite extensive. As was

mentioned earlier, the metals of primary concern appear to be Cd, Cu,

Ni, Pb, and Zn (Silveira and Sommers, 1977). Other metals also studied 

in sludge research include Fe, Mn, Mo, Co, and Cr (Berrow and Webber, 

1972) .

Before looking into the level of uptake of particular heavy 

metals it is necessary to understand the tolerance levels and toxic 

levels of the various metals in plants. Melsted (1973) lists the toxic

levels of some common metals in plants as follows: Cd, 3ppm; Cr, 2

ppm; Cu, 150 ppm; Mn, 300 ppm; Ni, 3 ppm; Zn, 300 ppm; and Cd/Zn (%):

1%. The reasoning behind a 1% Cd:Zn ratio is that excess Zn will cause

plant toxicity before Cd levels in tissue can be elevated appreciably 

(Kelling et al., 1977). Cunningham, Keeney and Ryan (1975) suggest 

toxic plant levels of Cu, Zn, Mn, and Ni as greater than 20, 400, 500, 

and 20 ppm, respectively. A 1978 US EPA bulletin lists toxic concentra

tions of Cu, Zn, Cd, and Ni as 20, 300, 3, and 50 ppm, respectively.

However, much recent work casts doubt upon the reliability of

such toxic level guidelines when applied to actual field situations. 

Mitchell et al. (1978) found that tissue concentrations of Cd, Cu, Ni, 

and Zn associated with a significant yield reduction did not show 

agreement between soils for all metal is, and Bingham et al. (1979) re

ported that on soils with near neutral pH (6.5), the concentrations of 

Zn, Cu, and Ni in soils which cause phytotoxicities are greater than



12

those deduced from these guidelines» They suggest that no single set 

of toxicity coefficients can be uniformly applied to all soils and plant 

species»

Since considerable variation exists as to levels of a particular 

metal that constitute a toxic level to plants, variability also exists 

as to allowable levels of these metals in sewage sludge for application 

to land. Chaney (1973) states that sludges containing greater than 

2000, 800, 100, and 100 ppm of Zn, Cu, Ni, and B, respectively, and

0.5% Cd of Zn should not be applied to agricultural land.

However, recent data again suggests that guidelines of this 

sort face difficulty when applied in field situations, since unusually 

high metal levels have not occurred even when sludges in excess of 

these guidelines are applied (Hinesly et al., 1979; Vlamis et al.,

1978)o Although recent guidelines have attempted to incorporate the 

effects of soil parameters such as CEC (USEPA, 1977) in recommending 

limitations on metal loading, it is obvious that much refinement is 

necessary before guidelines of this type will be of significant value 

in field situations,

It also should be noted, however, that the levels of heavy 

metals in the sludge are not the only factors that determine the poten

tial for toxic accumulations of these metals in plants. Lisk (1972) 

states that the nature of the plant, including species, size, growth 

rate, extent and depth of rooting, transpiration rate, and nutritional 

requirements may all effect the plants efficiency for heavy metal ab

sorption from soils. Indeed, work by Hinesly et al. (1978) illustrates 

the tremendous impact different cultivars of the same species can have
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on metal uptake, and other research supports this view (Bingham et al., 

1976, Sheaffer et al., 1979b)„ The particular portion of the plant 

sampled also greatly effects the levels of heavy metals encountered 

(Jones et alo, 1975; Kirkham, 1975), so care should be taken to make 

comparisons on similar plant portions.

Many investigators have studied the level of uptake of partic

ular metals (Page, 1974; Giordano, Mortvedt, and Mays, 1975; Page, 

Bingham and Nelson, 1972; Lagenwerff et al., 1977; Bradford et al.,

1975; Jacobs, 1977). Kelling et al. (1977) found increased levels of 

Cu, Zn, Cd, and Ni in sludge-treated vegetative tissue, but that the 

concentrations of these metals were still within the normal ranges, and 

metal concentrations did not increase in the grain. These findings are 

in agreement with the work of VIamis et al. (1978) and Hinesly et al.,

(1977).

Most researchers, however, have demonstrated sharp increases in 

either soil or plant tissue metal levels as a result of sewage sludge 

applications (Jones et al., 1975; Boswell, 1975; ghaeffer et al.,

1979b)o

King and Morris (1972) claim that application of liquid sewage 

sludge significantly increases the exchangeable Zn and Mn content of 

the soil. They obtained significant yearly increases in the Cu content 

of rye grown using this sludge, with Cu levels approaching toxic con

centrations if the soil-sludge system was not limed. Mortvedt and 

Giordano (1975) report that the concentration of Zn in corn increased 

at all rates for all sludges, but noted that total plant uptake of Zn 

was less than 5% of total Zn applied. Copper and Zn levels in
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vegetative tissue increased with large applications of sewage sludge, 

according to Dowdy and Larson (1975b). A linear relationship between Zn 

content of vegetative tissue and rate of sludge application could be 

calculated. Cunningham, Ryan and Keeney (1975) found higher Cu and Zn 

tissue concentrations as higher rates of sludge were applied and a sig

nificant relationship occurred between these higher metal levels and 

rates of application. Yield reductions also developed at these higher 

rates of application. Hinesly et al. (1977) found higher Cd and Zn in 

corn tissue from sludge-treated plots, but found that tissue concentra

tions decreased after sludge applications were ceased.

Certain metals are not absorbed well by plants, and may be ac

tively excluded (Lisk, 1972; Dowdy and Larson, 1975b). Giordano et al.

(1975) found uptake of Pb was unaffected by the use of sludge even if 

applied in higher amounts. Stucky and Newman (1977) attribute the lack 

of Pb uptake to the accumulation of Pb in the roots as opposed to the 

tops. Mortvedt and Giordano (1975) found that the Cr levels in all 

crops were unaffected by the rate of sludge application, indicating low 

availability of this metal to plants. Stucky and Newman (1977) at

tribute this lack of Cr uptake to the presence of Cr in sludges as the 
+3Cr ion, which is unavailable to plants. Thus Pb and Cr do not seem 

to be taken up in appreciable quantities by plants grown on a sewage 

sludge amended media and therefore offer little hazard as pollutants in 

crop production.

A final factor which further complicates the management of heavy 

metals in sludges is the presence of interactions between some metals. 

Bingham et al. (1975) found that Zn concentrations were significantly



reduced at higher Cd treatment rates, which further reinforces the 

wisdom of controlling Cd:Zn ratios in sludge to be used on agricultural 

land. Miller et al. (1977) found reduced Pb uptake due to applied Cd, 

and suggested competition between the two metals for physiologically 

active sites in the plant. According to Hassett, Miller and Koeppe

(1976), significantly lower concentrations of Pb and Cd were needed to 

inhibit growth when the two were added together as opposed to separate

ly, which suggests a synergistic relationship. Hassett further felt 

that this relationship could be due to high metal contents driving 

down selectivity of plant membranes, thereby allowing more metals to 

be taken up. Work by Page et al. (1972) also supports the belief that 

competitive effects from ions such as Zn can influence uptake of Cd. 

Increasing Cr levels reduced the uptake of other metals, according to 

Cunningham, Ryan and Keeney (1975). The effect of Cu on Zn uptake can be 

either antagonistic or synergistic depending on the level of Zn present. 

The conclusion to be drawn .from the research on metal interaction would 

seem that when considering the effects of application of a particular 

sludge, one must be concerned with total content of metals as well as 

relationships and possible interactions that can occur when levels of 

one metal are high relative to another.



MATERIALS AND METHODS

Sludges for the greenhouse study were obtained from four dif

ferent municipalities: (a) Anderson, IN., (b) Kokomo, IN., (c) Chicago,

IL., and (d) Tucson, AZ. They were air-dried, passed through a 2 mm 

sieve, and stored in polyethylene bags.

Data on the sludge can be found in Table 1. Total organic 

carbon (TOC) was determined by means of a chromate titration procedure 

(Gaudette et al., 1974) and carbonates and bicarbonates by titration 

using-0.01N t^SO^ with phenolphthalein indicator. Both electrical con

ductivity (EC) and pH were measured on saturated paste extracts of the 

various sludges. Phosphorus was determined by the ascorbic acid- 

moiybdate test (American Public Health Association, American Water 

Works Association and Water Pollution Control Federation, 1975).

Total N was evaluated by the standard Kjeldahl method (Bremner, 1960). 

Selected elements and metal contents were determined from a nitric- 

perchloric digestion (Gieseking, Snider and Gets, 1935) followed by 

analysis (Sommers, 19 77) with a Jarrel-Ash 810 Atomic Absorption 

Spectrophotometer (AA). Sodium, K, and Ca were all determined using 

the emmission mode, whereas all others were determined with the AA 

using single-element hollow-cathode tubes.

The greenhouse growing medium consisted of 600 gm of a 1:1 mix

ture of 20 and 30 grade quartz sand placed in a squat pint Nestrite^

1. Trade name

16



Table 1. Characteristics of sludges used.

17

Constituent Tucson, AZ Chicago, IL Kokomo, IN Anderson, IN

TOC (%) 6.45 11.53 12.87 14.27
TIOC (%) 0.87 2.30 1.84 2.21
pH sat'd 6.21 6.97 7.38 7.15
EC (mmhos/cm) pas te 9,250 10,200 4,000 9,000
Total P (%) 1.61 2.50 4.51 2.22
Total N (%) 1.64 1.31 .98 0.89
Na 1,023 1,476 1,204 693
K 4,098 3,585 1,970 2,564
Ca 16,178 36,878 67,498 71,487
Mg 5,939 16,296 6,921 10,113
Cd 13 190 1,139 218
Co

mg/kg
18 33 106 25

Cu 318 1,219 3,166 6,713
Fe 19,208 27,389 29,032 21,655
Pb 211 814 471 775
Ni 63 612 701 2,257
Zn 1,117 3,736 22,292 5,826
Mn 223 249 198 190
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(No„ 16SN3) waxed cardboard container. In the sand medium, 50 seeds of 

barley (Hordeum vulgare L.) were planted. Seedlings were grown in the 

greenhouse for a period of 14-19 days, depending on weather conditions, 

to produce uniform top growth and root mat. The bottom of the con

tainer was then removed by cutting around the edges, providing a 

modified version of Stanford and DeMent’s technique (1957) for measur

ing short term nutrient uptake. The container with root mat intact was 

then transplanted into an identical container again with 200 gm of the 

quartz sand to which had been added amounts of sewage sludge to simu

late field loading rates of 0, 50, 100, 250, 500, and 1000 mt/ha (0, 

4.5, 9, 22.5, 45, and 90 gm of sludge per container, respectively). 

Growth of the cultures was supplemented by four to six 25 ml aliquots 

of the nutrient solution described in Table 2, depending on the length 

of growing time. (See Table 3 for a summary of treatments used in 

the greenhouse experiment.)

Barley clippings were dried for 72 hr at 60 C and then stored 

in snap-cap vials until digested using a standard nitric-perchloric 

acid procedure (Gieseking et al., 1935), and were taken to 25 ml 

volume and analyzed by a Jarrel-Ash AA 810 for the metals involved 

(Cd, Cu, Fe, Ni, Zn, and Mn) according to recommended procedures.

In addition to the greenhouse experiments, field sampling also 

was undertaken on Pima c 1 at the University of Arizona Branch Experi

ment at Marana, Az., to compare uptake of selected metals by barley 

grown on field plots amended with Chicago and Tucson sludges with that 

under greenhouse conditions. Above ground plant samples were taken on 

April 20, 1979, when the barley was 35-50 cm high in the late boot
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Table 2„ Supplementary nutrient solution characteristics.

Nutrient
Constituent* Amount

g i - vg/g
Ca(H2P04)2’H20 11.40 -

Ca(N03)2 -4H20 10.94 -

Mg(N03)2 »6H20 13.76 -

k 2so4 6.68 -

ZnS04 •7H20 .002 0.25

Fe2<S04)3 .18 2.5

MnCl2 ‘4H20 .04 0.50

h 3b o 3 .006 0.05

^Brought to 20 1 volume
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Table 3. Treatments in the greenhouse experiment.

Source of 
Sludge

Sludge
Rate

Incubation
Time Reps

Treatment
Totals

mt/ha . days

Chicago, IL. 0, 50, 100, 
1000

10, 14, 18 4 48

Tucson, AZ. 0, 50, 100, 
500, 1000

250, 5, 10, 14 4 72

Kokomo, IN. 0, 50, .100, 
500, 1000

250, 5, 10, 14 4 72

Anderson, IN. 0, 50, 100, 
500, 1000

250, 5, 10, 14 4 72

Sum 264
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stage» The plant material was rinsed with deionized water and dried 

for 72 hr at 60 C, and stored prior to digestion and analysis for metal 

content.

The DTPA extraction procedure consisted of taking 5 gm of dried 

sieved (2 ram) sludge and placing it in a 500 ml polyethylene bottle.

To this was added 50 ml of the DTPA extracting solution (Appendix 1) 

and the entire bottle was placed on the shaker for two hours. The re

sulting was then suction filtered through Whatman #42 filter paper and 

rinsed with the DTPA solution. The filtrate was brought to 250 ml in a 

volumetric flask and transferred to double acid rinsed (1:1 HNO^ and 

1:1 HC1) polyethylene bottles for storage until analysis by atomic ab

sorption for the metals of interest.



RESULTS AND DISCUSSION

To evaluate the inherent benefits and risks of sewage sludge 

materials when applied to agricultural land, the particular character

istics of the sludges must be examined. Also, an understanding of the 

effect that applying these sludges has on plant yield is important in 

evaluating where differences in metal content are the result of practi

cal differences in uptake as opposed to dilution effects as a result of 

accellerated plant growth.

Composition of Sludges Used 

The sludges used in this experiment were selected for their 

high variability in metal contents♦ Table 1 shows the total metal con

tent of the sludges involved• According to the criteria developed by 

Chaney (1973) on the acceptable levels of metals in sludges to be ap

plied to agricultural land, all the sludges had Cd:Zn ratios in excess 

of the recommended level (0.5% Cd of Zn), and all sludges except Tucson 

had levels of Zn, Cd, and Ni in excess of those levels desirable for 

material to be used on agricultural land. It should be noted that of 

the sludges studied, Tucson would appear to be the least hazardous or 

toxic, as reflected in its relatively low values for most potentially 

hazardous metals, such as Cd, Cu, Pb, Ni, and Zn. A further point of 

interest is the relatively high Ca levels in the Anderson and Kokomo 

sludges, which could have implications for metal solubility due to its 

effect on solution pH levels. Although the saturated pastes of all

22 '
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sludges were between pH levels of 6.0 and 8.0, it should be noted that 
both Kokomo and Anderson were on the alkaline side of pH 7.0, whereas 
the other two sludges were below pH 7.0. Electrical conductivity 

levels for saturated paste extracts were between 9,000 and 11,000 
mmhos/cm for all sludges except Kokomo, which was significantly lower, 

namely 4,000 mmhos/cm. Kokomo sludge also is noted for relatively high 
Zn, Cd, and P levels. Anderson sludge contains significant amounts of 

Cu and Ni. High metal contents in Anderson, Kokomo, and Chicago sludges 

indicates the presence of industries in these municipalities and dis

posal into municipal facilities.

Effects of Sludge on Plant Yields 

Some degree of variability existed in the yield of barley due 

to sludge application as measured on a dry weight basis, but analysis 

of variance (Table 4) indicates these differences can only be attributed 

to length of growing period while in contact with the sludges. Rate of 

sludge application in no instance had a significant effect on yield as 

measured by dry sample weight. This would be expected due to the fact 

that all greenhouse cultures were furnished with a supplementary 

nutrient solution to insure uniform root mat growth before the mats 

were transplanted into the sand-sludge mixture and the length of time 

of contact with sludge was short. It.is quite possible that final 

sample size was already largely determined before the cultures were 

transplanted into their selected growing media. It is also not surpris

ing that sample size increased with an almost linear relationship to 

incubation time in days, since growth of seedlings once in the rootmat
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Table 4. Greenhouse 
leant yield

ANOVA results summary showing statistically signif- 
and metal uptake by barley seedlings.

Items Chicago Sludge Tucson Sludge
Evaluated R I RXI R I RXI

Yield ** AA

Fe ** A A

Mn ** ** A A  A

Ni A A

Cu * * A A A A

Zn *

Cd

Kokomo Sludge

A A A A

Anderson Sludge
R I RXI R I RXI

Yield ** A A

Fe ** ** ** A A

Mn ** ** ** A A

Ni ** A A

Cu

Zn * A AA A A

Cd ** A A A A A A
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stage could be expected to grow in a nearly linear manner (See Figure 1 

for a plot of sample size versus incubation time). Variable greenhouse 

growing conditions on the different sludge experiments makes direct 

comparison of sample weights difficult. The only obvious conclusion is 

that rate and rate-incubation effects on yield are minimized by the use 

of supplementary nutrient solutions to ensure uniform mat growth before 

transplanting5 and that incubation time is the only variable which is 

highly significant in all cases in predicting changes in sample size.

Greenhouse Sludge Metal Uptake Studies 

The greenhouse tissue samples were analyzed for eight selected 

metals (Fe9 Mn, Ni, Cu9 Zn9 Cd9 Co9 and Pb). Of these9 Co and Pb were 

not present in sufficient quantities for determinations using the 

methods in this experiment9 and therefore will not be discussed further 

(See Materials and Methods for specific metal determination methods).

The remaining six metals were evaluated9 however9 and an analysis of 

variance (ANOVA) was performed to determine where rate of application 

(R)9 time of incubation (I)9 or the rate-incubation time interaction 

(RI) had a significant effect on tissue levels of these metals (See 

Table 4 for a summary of the ANOVA results),

DTPA Extraction Studies 

Recent work has focused on the use of extracting agents as a 

guide in assessing the degree to which metals found in sewage sludge 

materials are available for plant uptake. The various sludges used in 

this study were therefore extracted with DTPA and the resulting
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Figure 1. Dry sample weight of barley seedlings as a function of incubation time 
on sewage sludge amended sand media.
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' solutions were analyzed for ~the metals of interest using the same proce

dures as were used for analysis of plant digests«

Total sludge metal content as determined by a nitric-perchloric 

digestion is included in Table 5 along with the DTPA extractions for 

comparative purposes. It can be seen that total DTPA extractable levels 

differ markedly for all metals depending on the particular sludge being 

studied. Also, as can be seen in Table 6, the range of extractability 

(as a percentage of the total metal present in the sludge) varies a 

great deal, suggesting different forms of these metals in different 

sludges. In general, Cd was the most DTPA extractable metal and Zn 

and Cu were very similar, followed by Ni, Mn, Pb, and Fe, respectively. 

It should be noted, however, that these relative amounts are an average 

across several sludges, and the total extractables as well as percentage 

extractable can vary greatly from these averages on a given sludge. It 

is therefore necessary to consider the total metal content of a given 

sludge as well as the relative extractibility of these metals in the 

sludge when attempting to interpret the results of DTPA extractions in 

terms of plant uptake.

Field Uptake Studies 

Tissue levels of the various metals of interest were also deter

mined on clippings of field-grown barley from the University of Arizona 

Agricultural Experiment Station at Marana, Arizona. The metals studied 

were Cd, Cu, Fe, Ni, Mn, and Zn. These plots had Chicago and Tucson 

sewage sludges applied at rates of 0, 20, and 100 mt/ha. The 20 mt/ha 

rate is to be applied annually for 5 years. In addition, some plots



Table 5. A comparison between DTPA extracfcability and total metal content of the different sludges 
used.

Sludge and Metals Compared
Treatment Cu Mn Zn Cd Ni Fe Fb

Chicago Sludge 
Total 1219 249 3736

ppm

190 612 27389 814
DTPA-extractable 413 59 1941 117 214 397 128
DTPA as % of total 34 24 52 62 35 1 16

Tucson Sludge
Total 318 223 1117 13 63 19203 211
DTPA-extractable 151 30 484 6 26 154 35
DTPA as % of total 48 14 43 46 41 1 17

Kokomo Sludge 
Total 3166 198 22292 1139 701 29032 471
DTPA-extractable 750 15 3364 352 27 85 28
DTPA as % of total 24 8 15 31 4 <1 6

Anderson Sludge
Total 6713 190 5826 218 2257 21655 775
DTPA-extractable 2282 24 1398 115 436 87 73
DTPA as % of total 34 13 24 53 19 <1 9

M00
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Table 6. Ranges of extractabillty with DTPA for selected metals.

%
Cu: 23.7 to 47.5 Mean 34.8

Mn: 7.6 to 23.7 Mean 14.4

Zns .15.1. to 52.0 Mean 33.6

Cd: 30.9 to 61.6 Mean 47.9

Ni: 3.9 to 41.3 Mean 24.9

Fe: 0.3 to 1.4 Mean 0.7

Pb; 5.9 to 16.6 Mean = 11.9
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received N fertilization to evaluate the effect that supplemental N 

would have on plant tissue levels of the various metals» An analysis 

of variance (ANOVA) was performed on the metal contents to determine 

significance of rate of sludge application on plant uptake» Results of 

this ANOVA can be found in Table 7 and an interpretation appears in the 

following sectiono

Relationship Between Greenhouse, Field, 
and Extraction Data

We examined and integrated the data from research involving:

(a) the levels of uptake of selected metals from different sewage 

sludges in a greenhouse root-mat experiment, (b) the degree to which 

the various metals in these sludges are DTPA extractable, and (e) levels 

of metal uptake in a field experiment. The object is to develop re

commendations using the values from the simpler greenhouse and DTPA 

experimentation to determine the degree to which various metals will 

be taken up by plants under field conditions. The cost of transporting 

municipal sludge materials encourages the application of these materials 

at rates which will facilitate maximum plant nourishment without ad

verse side effects of potentially toxic heavy metals in these materials. 

Knowledge of when undesirable or potentially adverse levels of toxic 

metals occur in plant tissue as a result of sludge application allows 

for the maximum beneficial use of these materials.

Some mention should be made, however, of the difficulties en

countered during interpretation of these laboratory and greenhouse 

results in a field setting. One of the most difficult factors to ex

plain is the effect that the different stages of growth in the
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Table 7. Marana ANOVA results summary showing significance of applica
tion rate effects on uptake of six metals from Tucson and 
Chicago sludges by field grown barley.

Metal Tucson Sludge Chicago Sludge

Fe ns *

Mn ** **

Ni * ns

Cu ** ns

Zn **

Cd **

ns = not significant uptake of the metal due to sludge application rate 

* = significant at .05 level 

** = significant at .01 level
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greenhouse as opposed to the field can have on tissue metal levels.

Some of these difficulties are unavoidable, Others are the result of 

an attempt to utilize a maximum up take, controlled condition green

house experiment to predict metal uptake in a somewhat buffered, non

controlled field setting. Also, as more field tissue samples at 

different growth stages for field crops are collected, the limitations 

and values of these extraction and uptake techniques in a field situa

tion should become clearer.

Another problem in attempting to correlate greenhouse and field 

data involves the differential between rates used in the two growing 

media. Undoubtedly the smaller scale present in greenhouse experiments 

allows experimentation with rates of application in excess of those 

involved in the field. It is the aim of this study, however, to explore 

the relation between greenhouse plant metal uptake and uptake of the 

same metals under field conditions, and conceivably a knowledge of 

maximum greenhouse metal uptake rates will provide valuable insights 

into potentially hazardous plant uptake patterns that may occur in the 

field.

Iron

The highest tissue levels of Fe occurred where Chicago sludge 

was applied, followed by Kokomo, Tucson, and Anderson, respectively.

The only sludge of the four that exhibited significant applica

tion rate effects in the greenhouse was Kokomo sludge, where the Fe 

content of barley seedlings dropped significantly as higher rates of 

sludge were applied. This effect seems to disappear, however, at the
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longer incubation times„ This sludge also had a significant rate- 

incubation time interaction (Table 4)» The lower rates of application 

exhibit much higher tissue Fe levels, especially at the shorter in

cubation times •

All sludges in the greenhouse exhibited a highly significant 

incubation effect on tissue Fe content. Chicago sludge data, as an 

example, can be seen in Figure 2« Tissue Fe levels decreased at each 

successive incubation time, with the magnitude of the decrease greatest 

in the first incubation time interval (Table 8). The few exceptions to 

this were the Kokomo sludge, where the highest loading rate and the 

longest incubation time gave rise to a modest increase in Fe content, 

and the Anderson sludge, where both 250 and 1000 mt/ha applications re

sulted in modest increases at the longest incubation times (Table 9).

One note should be made on the decreasing tissue Fe levels as 

a function of incubation time in the greenhouse experiment. Presumably 

the reason for this is that initial "plant available Fe" is taken up by 

the barley seedlings, and additional plant growth without additional 

sludge results in a dilution of Fe in the plant material. Although the 

absolute tissue values cannot be compared, this situation seems to have 

occurred in the field work as well. For example, nitrogen-only plots 

showed a lower Fe tissue content than both Chicago and Tucson sludge 

plots by a very similar amount. Presumably N treatments have the ef-' 

feet of encouraging rapid vegetative plant growth, thereby magnifying 

this "dilution effect" of increasing incubation times by compressing 

the time period necessary for a comparable amount of vegetative growth 

to occur naturally.
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Table 8. Metal concentrations in plant tissue in the greenhouse involving Chicago and Tucson sewage
sludges.

Sludge
Source

Application
Rate

Time of 
Incubation

Metal
Fe Mn Ni Cu Zn Cd

mt/ha days yg/ g -
Chicago 0 10 138.4 24.1 9.5 15.3 72.2 1.9

14 - 78.9 17.0 10.1 8.1 46.9 1.5
18 83.6 20.0 8.9 12.9 44.1 1.5

50 10 171.4 26.1 10.6 12.9 64.8 2.3
14 87.3 18.9 8.1 9.8 42.0 1.4
18 68.8 28.1 12.0 20.1 67.8 1.8

100 10 149.6 24.6 8.5 14.2 59.1 1.6
14 108.1 29.7 12.0 14.6 61.7 1.9
18 96.2 32.0 12.2 17.0 73.2 2.1

1000 10 148.8 21.4 .9.6 12.4 66.4 2.0
14 91.7 38.9 13,9 21.7 102.5 2.5
18 76.4 32.0 10.6 16.0 109.6 1.6

Tucson 0 5 57.4 20.1 9.0 6.7 29.2 1.6
10 37.4 18.0 7.9 4.8 28.8 1.4
14 30.8 18.1 7.5 4.7 24.6 1.2

50 5 77.9 17.5 8.6 6.6 28.4 1.5
10 32.8 15.1 7.7 5.2 43.5 1.4
14 28.1 16.4 7.3 5.4 . 25.2 1.3

100 5 70.8 20.0 8.8 6.9 28.8 1.7
10 35.6 17.9 7.1 6,0 25.4 1.2
14 24.4 17.5 6.5 6.0 24.9 1.0

250 5 52.2 19.6 8.8 8.0 33.6 1.810 37.2 19.6 8.0 7.6 35.8 1.5
14 34.8 19.1 6.7 8.3 30.5 1.2 wUi



Table 8, Continued.

Sludge Application Time of  Metal________________________
Source Rate Incubation Fe Mn Ni Cu Zn Cd

mt/ha days  — ----------------—  pg/g — ----------------------

Tucson 500 5 64.9 21.4 9.4 8.8 34.7 1.8
10 42.9 21.9 8.7 8.9 39.8 1.5
14 36.4 20.4 7.0 9.6 36.2 1.3

1000 5 48.7 22.7 8.3 8.0 29.0 1.7
10 38.3 19.7 8.1 6.9 38.9 1.3
14 31.2 17.3 6.5 7.5 35.8 1.2

Each figure represents the average of four replicates.



Table 9. Metal concentrations in plant tissue in the greenhouse involving Kokomo and Anderson sewage
sludges.

Sludge Application Time of Metal
Source Rate Incubation Fe Mn Ni Cu Zn Cd

. /1 daysmu/ na yg/g

Kokomo 0 5 164.6 26.7 10.7 11.1 51.8 1.4
10 39.5 23.4 11.6 9.4 38.2 1.3
14 21.5 19.1 10.4 8.1 31.2 1.4

50 5 121.9 20.4 10.0 16.6 50.6 1.7
10 43.5 21.1 11.8 9.2 43.6 1.6
14 23.1 18.9 10.5 9.4 37.6 1.5

100 5 80.3 18.2 9.3 10.0 53.3 1.6
10 27.8 21.0 10.9 9.3 42.1 1.6
14 26.5 16.3 11.9 8.9 37.5 2.0

250 5 46.3 19.5 7.4 9.7 45 .,2 1.4
10 38.2 20.9 12.3 10.2 63.4 2.2
14 23.8 16.6 10.2 8.6 48.2 2.1

500 5 80.1 16.9 7.2 16.9 51.6 1.6
10 40.3 26.5 13.2 11.1 69.9 2.5
14 38.1 24.5 10.5 12.0 72.6 3.9

1000 5 40.5 15.7 7.2 8.4 44.2 1.2
10 35.8 27.4 11.5 11.4 69.9 3.2
14 45.5 19.9 10.6 9.7 58.1 3.5

Anderson 0 5 45.3 41.2 12.1 8.4 32.6 1.1
10 48.2 31.8 . 10.1 6.7 28.8 1.0
14 30.3 34.8 7.3 5.4 19.1 0.7

50 5 42.4 37.6 12.7 8.5 32.8 1.0
10 29.5 34.3 10.4 8.2 26.5 0.8
14 24.4 28.1 9.2 6.6 20.5 0.8

100 5 75.9 40.2 12.7 8.0 34.7 1.1
10 29.4 . 36.0 10.9 8.0 26.7 0.9
14 27.6 32.5 10.1 7.0 22.8 0.9



Table 9. Contd»

Sludge
Source

Application
Rate

Time of 
Incubation

Metal
Fe Mn Ni Cu Zn Cd

daysmt/na hg/ g

Anderson 250 5 60.9 37.6 11.2 8.7 31.5 1.0
10 22.2 33.4 12.7 8.9 26.1 0.8
14 35.1 26.4 10.8 7.3 21.9 0.8

500 5 67.6 41.7 13.6 9.2 34.2 1.1
. 10 31.3 32.2 14.3 8.8 28.8 0.8
14 25.0 ' 29.0 10.7 6.9 20.1 0.8

1000 5 70.4 39.7 13.8 10.0 38.6 1.1
10 18.6 30.3 12.2 9.1 26.1 0.8
14 25.3 28.9 11.4 7.4 22.0 0.8

Each figure represents the average of four replicates.
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The only significant (.05 level)" sludge-rate effect on tissue 

Fe levels in the field occurred with the Chicago sludge applications 

(Table 7). Tissue levels of Fe increase steadily as a result of higher 

rates of application (Figure 3)• Results on Tucson sludge plots showed 

an initial increase in tissue Fe levels when going from the 0 to 20 mt/ 

ha application rates, but a subsequent decrease in tissue Fe at the 100 

mt/ha rate (Table 10). It is interesting to note that plots receiving 

supplemental N treatments had tissue Fe levels that were about 15 yg/gm 

lower than the 0 rate for both of the sludges studied. This appears to 

indicate that Fe was not a limiting metal for maximum growth and that 

luxury consumption of Fe is not much of a factor with the barley plant.

A correlation between field and greenhouse uptake data on Fe, as 

well as information on extractability, is needed. Even though it is 

difficult to make direct quantitative observations about the tissue 

levels of Fe in the greenhouse as opposed to the field, several trends 

apparent in the greenhouse work seemed to be present in the field. For 

example, average tissue Fe levels were highest in Chicago sludge treat

ments in the greenhouse, as well as the field.

DTPA extractability for Fe varied widely, both in percentage of 

total Fe extractable and in total amount of Fe extractable (Table 5). 

This has numerous implications for field uptake of Fe. Kokomo sludge 

had the highest total Fe content, yet Chicago sludge had by far the 

highest percentage of total Fe extractable and the highest total amount 

of Fe extractable (Table 5). Fe levels of tissue samples from Chicago 

sludge treatments were significantly higher in greenhouse studies than 

those from the other three sludges studied. Higher "DTPA-available" Fe
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Table 10 e Field tissue concentrations of six metals in barley seedlings 
grown on plots treated with N and three different rates of 
Chicago and Tucson sewage sludges*

Metal Chicago Sludge Tucson Sludge
Analyzed

For
Adjacent Sludge Rate 
N Plot 0 20

(mt/ha)
100

Adjacent Sludge Rate 
N Plot 0 20

(mt/ha)
100

tissue content in yg/g

Fe 66.9 81.6 95.4 104.5 59.9 74.1 84.8 70.5

Mn 83.0 74.5 77.2 102.0 50.2 73.6 67.5 80.4

Ni 3.3 3.7 4.1 4.6 3.2 3.4 3.9 3.7

Cu 9.2 8.3 8.4 9.0 7.1 8.1 9.0 9.7

Zn 35.8 30.4 46.1 58.1 29.0 29.4 43.9 55.5

Cd 0.5 0.5 0.6 1.2 0.4 0.5 0.6 0.7
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in Chicago sludge9 as reflected in both the percentage of total Fe ex- 

tractable and total Fe extractable values, was highly correlated with 

the elevated tissue Fe values which occurred after applications in the 

field.

In contrast, DTPA extractable Fe from Tucson sludge was lower 

than Chicago sludge in both percent of total extractable and total 

amount extractable (Table 5). Both greenhouse and field data show 

lower Fe tissue concentrations when Tucson sludge was applied as op

posed to Chicago sludge. DTPA extractable Fe was about the same in 

both Anderson and Kokomo sludges, with both being lower than Tucson 

sludge (Table 5). Greenhouse plant tissue Fe levels were similar on 

all three sludges, however. These data suggest that DTPA extractability 

is a good qualitative indicator of the general order of field plant Fe 

uptake, but specific quantitative predictions are difficult to make when 

using sludges that are relatively similar to one another in DTPA ex

tractable Fe.

Manganese

Tissue levels of manganese (Mn) in the greenhouse were greatest 

for Anderson sludge, followed by Chicago, Kokomo, and Tucson, respective

ly. Although Anderson sludge applications resulted in the highest 

tissue Mn levels of all the sludges applied, only incubation time could 

be determined to have a significant effect on tissue Mn levels, this 

being a steady decrease in Mn level as a function of time (Table 9). 

Attempts to attribute differences in tissue Mn content to rate of 

Anderson sludge application proved difficult and no identifiable pattern
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of tissue Mn level variation as a result of rate of application was ob

served during any incubation time in the greenhouse»

Chicago sludge applications resulted in tissue Mn levels which 

could be significantly attributed to the rate of sludge application at 

the .01 level (Table 4), Applications of this sludge also resulted in 

tissue Mn variations which could be attributed to both rate of applica

tion and to the interaction of application rate and incubation time at 

the .01 level. At earlier incubation times9 no clear cut effect due to 

rate of application was evident, but at later incubation times, in

creasing rates of sludge application resulted in increasing tissue Mn 

levels (Figure 2). Increases in Mn levels occurred at all rates except 

1000'mt/ha between the 14 and 18 day incubation times, possibly in

dicating a "peak metal uptake" may have occurred during this time 

interval.

Kokomo sludge metal uptake patterns exhibited highly signif

icant (.01 level) application rate, incubation time, and application 

rate-incubation time interactions (Table 4). At the earliest incubation 

time Mn content was inversely related to rate of sludge application, 

with the 0 mt/ha treatment containing significantly higher amounts of 

Mn than other application rates at the earliest incubation time (Figure 

4). By the second (10 day) incubation period, the intermediate rates 

(50, 100, and 250 mt/ha) all increased slightly and converged on a 

similar tissue Mn level. In contrast, the higher (500 and 1000 mt/ha) 

rates exhibited significant increases in tissue Mn content at this in

cubation time. The 0 mt/ha rate resulted in tissue Mn levels which fell 

slightly to a level approximately midway between the intermediate and
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high rates of application* By the final (14 day) incubation period, 

tissue Mn levels dropped somewhat at all rates of application (Figure 

4)* The 500 mt/ha rate resulted in the highest tissue Mn levels, 

whereas the 1000 mt/ha rate produced tissue levels which dropped sig

nificantly and fell into an intermediate range along with the 0 and 50 

mt/ha rates» Lowest tissue Mn levels were present at the 100 and 250 

mt/ha rates.

Tucson sludge applications resulted in tissue Mn levels which 

could be attributed to a highly significant (.01 level) rate of ap

plication effect, as well as a somewhat significant (.05 level) in

cubation time effect. The magnitude of variation in tissue Mn content 

from low rates to high rates of sludge application was not as great at 

the longer incubation times (Table 8), indicating a convergence of 

tissue Mn levels over time. In general, the lower rates of sludge ap

plication resulted in lower tissue Mn levels than at higher application 

rates for all incubation times. It is interesting to note that "peak 

metal uptake" is greatest for the 1000 mt/ha rate at the earliest in

cubation time, about the same for the 500 and 1000 mt/ha rates at the 

intermediate (10 day) time, and greatest for the 500 mt/ha rate at the 

longest incubation time. However, the variation of tissue Mn was lowest 

for Tucson sludge compared with the other sludges.

The field ANOVA results for Mn show that rate of application 

was a highly significant (.01 level) factor influencing tissue Mn levels 

on both Chicago and Tucson sludges (Table 7). Tissue Mn levels of about 

75 yg/g were found in barley grown without sludge application.
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Chicago sludge treatments resulted in a slight increase in 

tissue Mn at the 20 mt/ha rate, whereas Tucson sludge applications at 

the same rate resulted somewhat lower tissue Mn levels (Figure 3)♦ At 

the highest (100 mt/ha) rate both sludges resulted in higher levels of 

tissue Mn, although the magnitude of the increase was greatest on the 

Chicago sludge applications (Figure 3). Mn tissue levels on the N plots 

showed Tucson N plots to be nearly 25 yg/g lower in Mn content than the 

0 mt/ha rate, while Chicago N plots resulted in tissue with higher Mn 

content than either the 0 or 20 mt/ha rates of application by 3 to 5

yg/g»
Tissue Mn levels were much higher in field tissue as compared 

to the levels found in the greenhouse (Tables 8, 9, and 10). DTPA ex- 

tractability appears to have some correlation in this context, since 

both total Mn extracted and percentage of total Mn extracted were about 

twice as high on Chicago sludge as on Tucson sludge, and field results 

show higher tissue Mn levels resulting from Chicago sludge applications 

as opposed to Tucson sludge applications (Table 5). However, DTPA ex- 

tractability failed to adequately predict high greenhouse tissue Mn 

levels resulting from Anderson sludge applications.

One interesting point to note is the tissue Mn-level decrease 

occurring on Tucson sludge at the 50 mt/ha rate in the greenhouse and 

the 20 mt/ha rate in the field (Tables 8 and 10). Possibly this is due 

to "tissue dilution" caused by N supplied in the sludge at lower ap

plication rates resulting in excess vegetative growth, whereas high 

loading rates result in a higher pool of "available Mn" and hence higher 

uptake rates. This effect of N on tissue Mn levels is reinforced by
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the results of N plots on Tucson sludge in the field, where N applica

tions resulted in tissue Mn levels significantly lower than the control 

treatmentso One unexpected result was the higher tissue Mn level oc

curring in the Chicago plots as opposed to the control, which would 

indicate more vigorous uptake of Mn from the soil when supplemental N 

is used. Significant rate effects in the greenhouse are well correlated 

with rate effects that occur in the field, and in a qualitative sense, 

levels of Mn uptake in the greenhouse using these two sludges is in the 

same order as the order of uptake under field conditions. DTPA- 

extractable Mn was also well correlated with field uptake results, but 

attempts to relate extractability to greenhouse tissue Mn levels proved

difficult with certain sludges such as Anderson. '
{

Nickel

Applications of Anderson sludge produced the highest tissue Ni 

levels, Chicago and Kokomo sludges produced slightly lower levels, and 

Tucson sludge applications resulted in tissue Ni levels that were sig

nificantly lower than these three.

Increasing rates of Anderson sludge application produced an in

crease in tissue Ni levels, especially at the longer incubation times, 

but this increase was not significant at the .05 level (Table 4). The 

only significant factor for tissue Ni levels, as a result of Anderson 

sludge applications, was the time of incubation. Tissue Ni levels de

creased steadily as the time of incubation increased (Figure 5). Al

though the rate of sludge application did not have a significant effect 

on tissue Ni levels at the .05 level, the levels of Ni in tissue samples
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were roughly proportional to the rate of sludge application« The modest 

variations between replicates eliminated statistical significance be

tween treatments«

Chicago and Kokomo sludge applications resulted in similar 

trends in tissue levels of Ni (Tables 8 and 9)» However, attempts to 

attribute the differences in tissue Ni levels on Chicago sludge to the 

rate of sludge application or time of incubation showed neither of 

these to be significant factors at the .05 level (Table 4).

Kokomo sludge applications resulted in uptake patterns for Ni 

that followed slightly more identifiable trends than those of Chicago 

sludge treatments. Time of incubation and the interaction of application 

rate-incubation time proved to be significant factors at the .01 and .05 

levels, respectively (Table 4). Tissue Ni levels increased at all rates 

between the 5-day and 10-day incubation period, and with the exception 

of the 100 mt/ha rate, decreased slightly at all rates between the 10- 

day and 14-day period (Table 9).

Uptake of Ni from Tucson sludge was significantly lower than the 

other sludges studied. No significant effect of rate of sludge appli

cation was found, but a highly significant (.01 level) decrease in 

tissue Ni levels at longer incubation times was apparent (Tables 4 and 

8).
Tissue nickel (Ni) levels from the field experiment were also 

analyzed to determine where significant rate effects occurred. Rate of 

application was not significant for Chicago sludge applications, where

as Tucson sludge application rates were significant at the .05 level 

(Table 7). Chicago tissue Ni levels remained unchanged from 0 to 20
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mt/ha* and increased steadily by increasing rates from 20 to 100 mt/ha 

(Figure 6). Tucson sludge applications, on the other hand, resulted in 

significant tissue Ni level increases during the first rate increase 

(0 to 20 mt/ha), but leveled off and actually declined slightly when 

sludge was increased from the 20 to the 100 mt/ha rate. Tissue Ni 

levels were approximately 10 ug/g higher for the 100 mt/ha rate on 

Chicago sludge as opposed to Tucson sludge. Tissue Ni levels on both N 

treatments were about 15 pg/gm lower than the 0 mt/ha rate for their . 

respective sludges (Figure 6).

Tissue concentrations of Ni in barley from field plots were ap

proximately twice those found in the greenhouse. DTPA extractable Ni 

does not appear to be a good indicator for Ni uptake in these greenhouse 

tests. Tucson and Kokomo sludges had almost identical extractable Ni 

levels, yet Tucson sludge showed markedly lower uptake in the green

house. However, greenhouse results show tissue Ni levels generally fell 

into proportion with total Ni of the sludges more closely than with DTPA 

extractable Ni.

Field barley had Ni levels in the same order as DTPA extractabil- 

ity. The magnitude of the differences in total and extractable Ni, how

ever, does not appear to be reflected in Ni levels in the field barley 

tissues. Nitrogen plots indicate that the tissue levels of Ni were 

about 12-14 g/g lower than the control plots for both Chicago and Tucson 

sludges. This level of Ni presumably is due to plant dilution of metals 

as a result of accellerated vegetative growth caused by an abundance of 

N.
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Copper

Patterns of copper (Cu) uptake from plants in the greenhouse 

grown on the municipal sludges were not the same for all sources.

Chicago sludge applications resulted in the highest tissue Cu levels, 

followed by Kokomo, Anderson, and Tucson sludges, respectively.

Chicago sludge applications did not result in significant rate 

or incubation time effects but the interaction of these two factors was 

highly significant (Table 4). At the earliest incubation time no ef

fect of rate of application rate on tissue Cu levels was apparent, but 

the intermediate incubation time (14 days) exhibited a steady increase 

in tissue Cu as a result of higher rates of sludge application, and 

tissue Cu levels were roughly proportional to the rate of sludge ap

plication (Table 8). By the longest incubation time the rate effects 

were not apparent.

Kokomo and Anderson sludges applications, respectively, re

sulted in the next greatest tissue levels of Cu. However, on neither 

of these sludges was rate of application, time of incubation, or the 

interaction of these two factors significant at the .05 level (Table 4).

Tucson sludge applications resulted in the lowest tissue Cu 

levels of any of the sludges studied, but both rate of sludge applica

tion and time of incubation proved significant at the .01 level (Table 

4). In all cases tissue Cu levels increased with rate of sludge ap

plication up to 500 mt/ha, at which point tissue Cu levels dropped off 

at the 1000 mt/ha rate. Also, tissue Cu levels decreased or stayed 

the same as a result of incubation time on the lowest three rates of 

application (0, 50, and 100 mt/ha), but increased as a result of
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incubation time at the higher rates of application (250, 500, and 1000 

mt/ha), especially at the longest incubation time (Figure 5).

Tissue Cu levels in the field were also examined relative to 

the rate of application of the Chicago and Tucson sludges. Rate of 

Chicago sludge application had no significant effect on tissue Cu levels, 

whereas rate of Tucson sludge application had a highly significant (.01 

level) effect (Table 7). Tissue Cu levels at the 0 mt/ha rate were very 

similar for both sludges, but Tucson applications resulted in a signif

icant increase in tissue Cu levels at the 20 mt/ha rate, whereas Chicago 

sludge applications at the same rate resulted in only a very small in

crease in tissue Cu (Figure 6). Tissue Cu levels increased for both 

sludges at the 100 mt/ha rate, but Tucson sludge applications resulted 

in tissue Cu levels that were greater than those on the Chicago treat

ments at the same rate by about the same amount (0.5 yg/g) as at the 20

mt/ha rate of application. Tissues from Tucson N plots were about 1

yg/g lower than the 0 mt/ha rate plots, whereas tissues from Chicago N 

plots were about 1 yg/g higher than tissue levels occurring at the 0 mt/ 

ha rate.

Field barley uptake patterns of Cu are not in good agreement 

with greenhouse results. Tucson sludge treatments in the field resulted 

in higher tissue Cu levels than Chicago sludge at all rates of applica

tion. Unlike the field trials with Tucson sludge, Chicago sludge ap

plications in the field resulted in lower tissue Cu levels than the

corresponding greenhouse treatments.

It is unlikely that greenhouse plant tissue Cu would be of great 

value in predicting field uptake of Cu. It should be noted that Tucson



sludge9 the only sludge for which significant correlations between green

house and field work can be found* contained by far the lowest Cu levels 

of the sludges studied* both in terms of total Cu and DTPA extractable 

Cu (Table 5)- Perhaps only Cu levels up to a particular concentration 

in a sludge result in the occurrence of significant greenhouse uptake 

patterns. Another possible reason may be the high affinity of Cu for 

organic matter complexation as reported by Lagenwerff et al. (1977).

Table 1 shows that total organic carbon (TOC) for the other three sludges 

studied ranged from 11.5% to 14.3%* whereas Tucson sludge had a TOC level 

of 6.45%. Presumably this lower organic matter content results in more 

predictable uptake patterns for Cu due to a lack of significant organic 

matter complexation of this metal.

The nitrogen plot results showed significantly lower Cu con

centrations in tissue from the Tucson sludge application than untreated 

soils. Presumably this is due to plant dilution effects since extra 

vegetative growth resulted from N treatments. Chicago N plots* however * 

showed higher Cu levels than both Q and 20 mt/ha application rates, for 

reasons which are not immediately obvious.

Zinc

Concentration and uptake of zinc (Zn) as a result of application 

rates and incubation times on the various sludges was also studied. In 

greenhouse tests* Chicago sludge applications resulted in the highest 

tissue Zn levels * followed by Kokomo* Tucson* and Anderson* respectively. 

The rate of application had a significant (.05 level) effect on tissue 

Zn concentration (Table 4). This effect is not evident at the 10-day
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incubation time, but becomes evident at the 14 day interval and is even 

more pronounced at the 18 day incubation time (Figure 2). Tissue 

levels of Zn decreased with incubation time at the 0 mt/ha rate, but 

increased with incubation time at both the 100 and 1000 mt/ha rates 

(Figure 7)•

Kokomo sludge applications resulted in tissue Zn level varia

tions which showed highly significant (.01 level) effects for both rate 

of sludge application and the application rate-incubation time interac

tion (Table 4). At the 5 day incubation time no clear relation between 

rate of sludge application and tissue Zn levels exists, but at the 

longer incubation times tissue Zn levels increase with higher rates of 

sludge application (Figure 4). Interestingly, both 500 and 1000 mt/ha 

application rates resulted in similar tissue Zn levels at the inter

mediate incubation time (10 days), but at the longest incubation time 

(14 days) tissue Zn levels resulting from 500 mt/ha applications remained 

relatively unchanged while the highest rate (1000) resulted in a drop in 

tissue Zn levels since the previous incubation time (Figure 7). Incuba

tion time also significantly effected tissue Zn levels, but the effect 

was dependent on the rate of sludge application. At the lower rates 

(0, 50, and 100 mt/ha) longer incubation times resulted in decreased 

tissue Zn levels, whereas at the heavier rates (250, 500, and 1000 mt/ 

ha) the effect was to increase tissue levels during the first incuba

tion interval for all three heavy rates (Figure 7). At the longest in

cubation times, however, both the 250 and 1000 mt/ha rates showed a 

decrease in tissue Zn levels, while 500 mt/ha applications continued to 

show an increase.
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The next highest tissue Zn levels were found on the Tucson 

sludge, but neither application rate, incubation time, or the interac

tion of these two proved to be significant factors at the .05 level 

(Table 4). It should be noted, though, that at the longest incubation 

time the 0, 50, and 100 mt/ha rates all resulted in approximately the

same tissue Zn levels. The 250 mt/ha rate resulted in a somewhat higher

tissue Zn level, and the 500 and 1000 mt/ha rates resulted in the high

est tissue Zn levels (Table 8).

Anderson sludge applications resulted in the lowest tissue Zn 

levels of any of the sludges studied, and incubation time was the only 

variable exhibiting a significant effect (Table 4). No clear rate re

lationship seems evident, but tissue Zn levels decrease at all rates 

with longer incubation times (Table 9).

The results of the ANOVA on Zn tissue levels in the field

(Table 7) showed that the rate of both Chicago and Tucson sludge applica

tion were highly significant. Tissue Zn levels at the 0 mt/ha rate were 

about the same for both sludges. Both sludges resulted in sharp tissue 

Zn level increases of about 15 Ug/g at the 20 mt/ha rate; Chicago sludge 

applications resulted in tissue levels that were consistently about 2 

yg/g higher than tissue Zn levels resulting from Tucson sludge applica

tions (Figure 3). An increase in tissue Zn levels of about 10-12 yg/g 

occurred on both sludges at the 100 mt/ha rate. N plots on Tucson 

sludge treatments had tissue Zn levels about the same as the 0 mt/ha 

rate, whereas Chicago N plots were about 5 yg/g higher than the tissue 

Zn levels resulting from the 0 mt/ha rate of sludge application.



DTPA extractions for Zn showed Kokomo sludge had the highest Zn 

levels, followed by Chicago, Tucson, and Anderson sludges, respectively 

(Table 5)• Uptake in the greenhouse followed the same general order, 

except that Chicago sludge applications resulted in somewhat higher 

levels of Zn uptake than Kokomo sludgee There are several possible 

reasons for this inversion• In addition to the fact that two of the 

intermediate rates were not used in greenhouse tests on Chicago sludge, 

the much higher total Zn and DTPA extractable Zn levels in Kokomo 

sludge could potentially have stunted plant growth at the higher ap

plication rates, where the heaviest Zn uptake from Chicago sludge oc

curred. It thus appears that barring abnormally high sludge Zn levels, 

DTPA extractability appears to be a good qualitative indicator of the 

level of Zn uptake by barley seedlings in a greenhouse environment.

The application of these data to field findings is uncertain, however. 

Plant Zn uptake patterns were very similar for both sludges studied in 

the field, even though DTPA-Zn extractability varied widely between 

these two sludges.

Cadmium

Highest tissue levels of cadmium (Cd) in the greenhouse were 

found with Kokomo sludge applications, followed by Chicago, Tucson, and 

Anderson sludges, respectively.

Kokomo sludge applications resulted in the highest tissue levels 

of Cd, and statistical analysis of the results showed that rate of 

sludge application, incubation time, and the interaction of rate and 

incubation time were all highly (.01 level) significant (Table 4).
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Although no rate effect is evident at the earliest (5-day) incubation 

time, by the 10-day interval tissue Cd levels increase in proportion to 

the rate of sludge application (Figure 4)» This effect is even more 

pronounced at the longest (14-days) incubation time, although tissue 

Cd levels seem to "peak out" at the 500 mt/ha application rate and de

crease slightly at the 1000 mt/ha rate when allowing this much time for 

metal uptake (Figure 4), Incubation time has little effect on tissue 

Cd levels at the lowest two sludge application rates (0 and 50 mt/ha), 

but as rates of application increase an increase in tissue Cd as a re

sult of incubation time becomes evident, and is quite pronounced at 

the highest two rates of sludge application (Figure 7)•

Chicago sludge applications resulted in the next highest tissue 

Cd levels of the sludges studied, but neither incubation time, applica

tion rate, or the interaction of these two factors proved significant 

at the .05 level (Table 4). However, the relative order of tissue Cd 

levels generally paralleled the rate of sludge application, especially 

at longer incubation times. The lone exception to this was a decrease 

in tissue Cd at the longest incubation time (18 days) and the highest 

(1000 mt/ha) application rate (Table 8).

Tucson sludge applications resulted in the next highest levels 

of Cd uptake, and both rate of application and incubation time has 

highly significant (.01 level) effects on tissue Cd levels (Table 4). 

Tissue levels of Cd increased as sludge application rates went from 

lower rates (0, 50, and 100 mt/ha) to intermediate rates (250 and 500 

mt/ha), and then decreased slightly at the highest (1000 mt/ha) rate
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(Table 8). Tissue Cd levels also decreased steadily as a function of 

incubation time at all rates of application (Table 8).

Lowest tissue Cd levels occurred as a result of Anderson sludge 

applications, and incubation time was the only factor which showed a 

significant relationship with tissue Cd levels in this case (Table 4). 

Tissue Cd levels decreased as a result of longer incubation time (Table 

9).

Cd was also analyzed relative to the rates of application of 

the Chicago and Tucson sludges in the field study. Analysis of variance 

showed that rate of application was highly significant (.01 level) for 

both of the sludges studied (Table 7). Tissue levels of Cd were very 

similar for both sludges at the 0 and 20 mt/ha rates (Figure 6). At the 

100 mt/ha rate, Tucson sludge exhibited a small increase in tissue Cd 

levels as a result of the higher application rate. Chicago sludge ap

plications, in contrast, resulted in a sharp increase (0.6 yg/g) in 

tissue Cd levels as a result of the 100 mt/ha application rate (Figure 

6). Tissue Cd levels on N plots were slightly lower than the 0 mt/ha 

rate of application on Tucson sludge, and slightly higher than the 0 

mt/ha application rate for Chicago sludge (Figure 6).

Field Cd tissue levels were significantly lower than greenhouse 

tissue Cd levels for both sludges studied (Tables 8 and 10).

DTPA extractability of the sludges followed the same order as 

total Cd content, with Kokomo sludge being considerably higher in Cd 

than the other sludges used. Anderson and Chicago sludges had very 

similar Cd levels, and Tucson sludge had significantly lower Cd levels 

than the other sludges, both in total and in extractable Cd (Table 5).



The level of Cd uptake in the greenhouse was proportional to

total Cd content and DTPA extractable Cd, except for Anderson sludge,
z

which resulted in lower tissue Cd levels than would be expected on the 

basis of either total Cd content or DTPA extractable Cd (Table 9). Field 

tissue Cd levels were also in the same order as DTPA extractable Cd.

It is interesting to note that Kokomo sludge, which exhibited by 

far the highest Cd levels of the sludges studied, was the only sludge to 

result in significant increase in tissue Cd content as a result of in

cubation time, and the magnitude of this increase was directly related 

to the rate of application (Figure 4). Presumably this indicates that 

as total or extractable Cd levels in a sludge increase, the potential 

for higher tissue concentrations of Cd at higher rates of application 

is increased, and that the amount of this Cd available to plants tends 

to increase as a function of time. In contrast, sludges with lower 

extractable Cd levels tend to reach maximum Cd uptake somewhat sooner, 

even at higher rates of application, and then tissue Cd levels decrease 

as a function of time. However, this decrease in tissue Cd levels may 

be more a function of plant dilution effects than of a lesser degree of 

active Cd uptake by barley seedlings as a function of time.



- SUMMARY
1

Quantitative predictions from greenhouse and field work on Fe 

are difficult to make, but qualitative predictions about the relative 

order of tissue Fe levels resulting from various sludge applications 

does seem possible, with greater tissue Fe levels occurring in the 

field on sludges which exhibited the highest tissue Fe levels in the 

greenhouse. N treatments appear to keep tissue Fe contents lower than 

other treatments through a "dilution11 of initial plant Fe by acceler

ated vegetative growth as a result of an abundance of N.

The occurrence of significant rate effects on Mn uptake was well 

correlated between greenhouse and field results, but differential tissue 

Mn levels in the two media make quantitative interpretation of the re

sults difficult. DTPA extractability was a useful qualitative tool in 

predicting the order of tissue Mn levels in the field, but greenhouse 

predictions are limited to cases where considerable variation in ex

tractability exists.

Very few significant sludge application rate effects on Ni con

tent occurred, either in greenhouse or in field work. DTPA extractable 

Ni was a poor indicator of greenhouse tissue Ni levels, and total Ni 

content of the sludges involved seems to be the best predictor of green

house tissue Ni levels. Field tissue samples showed Ni content was 

qualitatively proportional to both total and DTPA extractable Ni. N 

plots resulted in a plant dilution effect which caused tissue Ni levels 

to drop significantly below control plots.
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The presence of significant rate of application effects in the 

greenhouse on tissue Cu content was well correlated with similar field 

effects. Greenhouse and field Cu uptake results appear to be poorly 

correlated with DTPA extractability of Cu. Characteristics of the 

sludges (particularly organic carbon levels) may be a significant 

factor influencing field and greenhouse Cu uptake patterns.

Significant Zn rate effects are likely on sludges with high 

total and DTPA extractable Zn levels. DTPA extractability is a good 

greenhouse Zn level predictor provided excessive Zn levels don't stunt 

growth, and field tissue Zn levels are proportional to extractable Zn.

N plots did not significantly alter tissue Zn levels.

DTPA extractable Cd is well correlated with field and green

house results unless excessive Cd results in lower Cd uptake due to 

stunted plant growth. It appears that the amount of Cd available in

creases in Cd-rich sludges as a function of time, whereas lower Cd level 

sludges tend to result in a fairly early "peak" of Cd uptake which is 

diluted with additional plant growth.



CONCLUSIONS

A short term greenhouse root mat technique can be developed to 

evaluate the potential for field uptake of hazardous heavy metals found 

in municipal sewage sludge materials, Although quantitative predictions 

about field tissue levels of various heavy metals that will occur as a 

result of sludge applications are difficult to arrive at9 the technique 

shows great promise for predicting qualitative differences in plant 

tissue levels of these metals which will occur in the field. DTPA ex- 

tractability also provides useful information when attempting to 

determine the levels of a particular metal which will occur in the 

field, provided reasonable differences in DTPA extractability of the 

metal involved occur, and excessive levels of either total or DTPA ex- 

tractable metals are not encountered. When relatively high total or 

DTPA extractable levels of a metal occur, stunted plant growth in the 

greenhouse can obscure potentially hazardous uptake trends which may 

occur in the field. In these cases incubation studies show promise in 

anticipating the degree to which these larger amounts of heavy metals 

will be released with time. However, it is clear that much additional 

work will be required before a complete understanding of the effects that 

interrelationships between metal extractability, total metal content, and 

greenhouse root mat results have on field uptake patterns is obtained.
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APPENDIX A

PROCEDURE FOR MAKING 5 LITERS 

OF DTPA EXTRACTING SOLUTION

1. In a 51 container add 66.3 ml of triethanolamine (TEA). 

2̂. Add 10.04 g DTPA (granular) .

3. Add 7.35 g CaC^ . ZHgO or 5.55 g Anhydrous CaClg.

4. Fill to 4.5 liters with HgO.

5. Add a crystal of phenol.

6. Adjust pH to - 7.35 using 40 ml of 50% HC1.

7. Allow to stand overnight.

8. Adjust pH to - 7.30 with about 3 ml of 50% HC1.

9. Bring to 51 volume.
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