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Trace Element Speciation in Poultry Litter

B. P. Jackson,* P. M. Bertsch, M. L. Cabrera, J. J. Camberato, J. C. Seaman, and C. W. Wood

ABSTRACT kg�1 (Nicholson et al., 1999), and 743 and 501 mg kg�1

(Jackson et al., 1999). Arsenic concentration in PL isTrace elements are added to poultry feed for disease prevention
variable, for example Sims and Wolf (1994; and refer-and enhanced feed efficiency. High concentrations are found in poul-

try litter (PL), which raises concerns regarding trace element loading ences therein) reported a range in As concentration
of soils. Trace metal cation solubility from PL may be enhanced by from 0 to 77 mg kg�1. Other studies have also reported
complexation with dissolved organic carbon (DOC). Mineralization As concentrations within this range, for example 30 to
of organo–As compounds may result in more toxic species such as 37 mg kg�1 (van der Watt et al., 1994), 43 mg kg�1

As(III) and As(V). Speciation of these elements in PL leachates (Moore et al., 1998), and 35 mg kg�1 (Jackson et al.,
should assist in predicting their fate in soil. Elemental concentrations 1999). Furthermore, there is evidence that As in PL
of 40 PL samples from the southeastern USA were determined. Water-

may be readily soluble; 72% of total As was solubilizedsoluble extractions (WSE) were fractionated into hydrophobic, an-
from PL in a water extraction (Jackson and Miller,ionic, and cationic species with solid-phase extraction columns. Arse-
1999).nic speciation of seven As species, including the main As poultry feed

Increased concentrations of Cu and Zn in the surfaceadditives, roxarsone (ROX; 3-nitro-4-hydroxyphenylarsonic acid) and
p-arsanilic acid (p-ASA; 4-aminophenylarsonic acid), was performed horizons of soil receiving annual applications of PL have
by ion chromatography–inductively coupled plasma–mass spectrome- been identified (Kingery et al., 1994). Copper and Zn
try (IC–ICP–MS). Total As concentrations in the litter varied from concentrations in the surface of a soil profile that had
1 to 39 mg kg�1, averaging 16 mg kg�1. Mean total Cu, Ni, and Zn received PL applications over 25 yr were significantly
concentrations were 479, 11, and 373 mg kg�1, respectively. Copper higher than an unamended soil. Furthermore the results
and Ni were relatively soluble (49 and 41% respectively) while only of this study suggest that Zn is fairly mobile in the profile
6% of Zn was soluble. Arsenic was highly soluble with an average

(Han et al., 2000). Initial soluble As concentrations ofof 71% WSE. Roxarsone was the major As species in 50% of PL
�200 �g L�1 were reported in runoff from a field soilsamples. However, the presence of As(V) as the major species in
amended with 9 Mg PL ha�1 and runoff concentrations50% of the PL samples indicates that mineralization of ROX had
7 d after application were still �50 �g L�1 (Moore et al.,occurred. The high solubility of As from litter and its apparent ready

mineralization to inorganic forms coupled with the large quantity of 1998). The latter study also reported soluble Cu levels
litter that is annually land-applied in the USA suggests a potential up to 1 mg L�1, which is approaching the USEPA drink-
detrimental effect on soil and water quality in the long term. ing water maximum contaminant level of 1.3 mg L�1.

To better predict the mobility and bioavailability of
major and trace elements arising from PL application

More than 11.4 million Mg of poultry litter (PL) it is necessary to investigate the speciation of these ele-
were generated in the USA in 1996 and approxi- ments. Copper and Zn are added to animal feeds as the

mately 90% was land-applied (Cabrera and Sims, 2000). sulfate salt or oxide, and presumably occur in the litter
The localized nature of poultry farming operations and in ionic form. However, both these elements can form
the cost of transporting PL over long distances has led to stable soluble organic complexes and, given the high
limited land areas receiving repeated waste applications. concentration of soluble organic C in leachates of PL,
This has raised concerns over P saturation of soils, it is possible that these metal–organic complexes are
and similar concerns must also apply to trace element important species affecting the mobility of these two
loading. elements. For example, in an acidic soil amended with

Poultry litter, indeed animal wastes in general, con- cattle manure, soluble Cu was correlated with dissolved
tain high concentrations of some trace elements. Cop- organic carbon (DOC) and a considerable amount of
per, Zn, and As occur in PL as a result of their use as soluble Cu was found associated with nonlabile or high
growth promoters or biocides in poultry feed (Sims, molecular weight complexes (del Castilho et al., 1993).
1995). Reported PL concentrations of Cu and Zn were, Copper in pig slurry was found to be associated with
respectively, 1196 and 631 mg kg�1 (van der Watt et al., DOC of molecular weight � 5000 Da, as measured by
1994), 55 and 647 mg kg�1 (Edwards et al., 1997), 748 gel permeation chromatography (Businelli et al., 1999).
and 718 mg kg�1 (Moore et al., 1998), 97 and 378 mg In soils amended with pig manure, the increase in or-

ganic matter increased Zn solubility but decreased Zn
lability as measured by differential pulse anodic strip-B.P. Jackson, P.M. Bertsch, and J.C. Seaman, Advanced Analytical

Center for Environmental Sciences, Savannah River Ecology Labora-
tory, Univ. of Georgia, P.O. Drawer E, Aiken, SC 20903. P.M. Bertsch

Abbreviations: 3-AHPA, 3-amino 4-hydroxyphenylarsonic acid;and M.L. Cabrera, Dep. of Crop and Soil Sciences, Univ. of Georgia,
DMA, dimethylarsonic acid; DOC, dissolved organic carbon; IC, ionAthens, GA 30602. J.J. Camberato, Dep. of Crop and Soil Environ-
chromatography; ICP, inductively coupled plasma; MMA, momo-mental Science, Clemson Univ., Clemson, SC 29634. C.W. Wood,
methylarsonic acid; MS, mass spectrometry; p-ASA, 4-aminophenyl-Dep. of Agronomy and Soils, Auburn Univ., Auburn, AL 36849.
arsonic acid; PL, poultry litter; ROX, 3-nitro-4-hydroxyphenylarsonicReceived 15 May 2002. *Corresponding author (Jackson@srel.edu).
acid; SAX, strong anion exchange cartridge; SCX, strong cation ex-
change cartridge; WSE, water-soluble extract.Published in J. Environ. Qual. 32:535–540 (2003).
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ping voltammetry (Almas et al., 2000). Using sequential coupled with ICP–MS separates the two organo–arsenic
feed additives from the inorganic and simple aliphaticextraction techniques, Cu was found to be mostly associ-

ated with the organic matter fraction in soils that had As species and provides detection limits for each As
species below 0.1 �g L�1 (Jackson and Bertsch, 2001).a 25 yr history of PL application (Han et al., 2000). In
Before land application, speciation changes might besoils leached with PL leachate, Zn solubility from a
expected to occur either through metabolic processescontaminated soil was increased; however, in an uncon-
during passage through the digestive system or throughtaminated soil, Zn from the PL leachate was retained
biotic or abiotic-mediated processes during PL storage.by the soil matrix (Li and Shuman, 1997).

The objectives of this study were to determine (i) theAnion and cation exchange columns have been used
concentration and solubility of trace elements in poultryto obtain qualitative speciation data on trace elements
litter, (ii) the extent of complexation of trace metalin solution (Chakrabarti et al., 1994, Appelblad et al.,
cations by DOC in the leachates, and (iii) the speciation1999). Metal ions retained by a cation exchange column
of As in the PL leachates.are present either as a cation in solution or are bound

in relatively labile complexes that dissociate in the time
the solution is in contact with the resin. This methodol- MATERIALS AND METHODS
ogy has been applied to investigate Cu and Zn species A total of 40 PL samples were obtained from Alabama,
in sewage sludge–amended soils, where Cu was found Georgia, and South Carolina (20, 10, and 10 samples, respec-
to form mainly anionic species while Zn formed zwitter tively). Samples were air-dried and sieved. Total elemental
ions in the soil solution (Vulkan et al., 2002). concentrations were determined after microwave digestion. A

0.25-g sample was weighed into a Teflon microwave digestionArsenic occurs in PL as a result of the use of 4-amino-
vessel and 5 mL concentrated HNO3 was added. The vesselphenylarsonic acid (p-ASA) or 3-nitro-4-hydroxyphenyl-
was allowed to react at room temperature for 1 h. After thisarsonic acid (ROX) as feed additives for prevention of
time 1 mL of concentrated H2O2 was added and the vesselscoccidiosis and for increased weight gain and improved
were capped and digested in an MDS 2000 microwave diges-feed efficiency (21 CFR 558.30; U.S. Code of Federal tion system (CEM, Matthews, NC). After digestion the sam-

Regulations). Although there are few studies on the ples were brought to a final volume of 25 mL with 18 M�-cm
resulting long-term speciation of As in PL, the scant deionized H2O. Digestion quality control included blanks, lab-
consensus in the literature is that the organo–arsenic oratory fortified blanks, duplicates, spikes, and certified refer-

ence materials (CRM). The CRM used for this study wascompounds added to feed are rapidly excreted by chick-
TORT 2 (NRC–CNRC, Ottawa, ON, Canada) and mean re-ens and that the compounds are relatively unchanged in
coveries for Mn, Fe, Ni, Cu, Zn, As, Se, Sr, and Cd were 101,chemical form (Andreae, 1986; Calvert, 1975). Morrison
118, 112, 96, 88, 106, 105, 99, and 97% respectively, for eight(1969) reported that ROX accounted for 36 to 88% of replicates of the CRM performed during analysis of the PL

total As in 10 PL samples. There is a general lack of samples set. Major element analysis was performed by ICP–
information about the fate of these organo–arsenicals optical emission spectrometry (OES) (Optima 4300DV; Perkin-
in PL when composted or applied to soils, but the results Elmer, Wellesley, MA) and trace element analysis was per-

formed by ICP–MS (ELAN 6000; PerkinElmer). Percentof one study indicate that mineralization of arsanilic
organic matter was determined gravimetrically after ashingacid to arsenate occurred in each of three soils initially
1 g dry weight of PL at 480�C overnight.treated with arsanilic acid (Woolson, 1975). The inor-

Water-soluble extractions (WSE) were performed by shak-ganic As species arsenite, As(III), and arsenate, As(V),
ing 1 g of PL with 10 mL deionized H2O for two hours. Theare more toxic than either ROX or p-ASA, hence it suspension was then centrifuged (15 000 rpm) for 15 min and

is important to understand the chemical species and the resulting supernatant was filtered (0.22 �m) and diluted
speciation transformations of As in PL. A recently de- 20-fold with deionized H2O. Approximately 10 mL of the WSE
veloped analytical method using ion chromatography was passed through a C18 column (Sep-pak; Waters, Milford,

MA) to remove hydrophobic organic compounds. The C18

columns had first been cleaned and preconditioned by passing
through 5 mL methanol followed by 10 mL of deionized H2O.
Elemental analysis was conducted on the WSE and WSE-C18

eluants by either ICP–OES or ICP–MS. Dissolved organic
carbon was determined on the WSE eluants with a TOC 5000A
(Shimadzu, Kyoto, Japan). Arsenic speciation was determined
on the WSE-C18 eluants by IC–ICP–MS (Jackson and Bertsch,
2001). Briefly, the separation was conducted on an AS16 anion
exchange column (Dionex, Sunnyvale, CA) that was directly
interfaced to an ICP–MS. A step gradient elution procedure
was used with 20 mM tetramethylammonium hydroxide
(TMAOH) from 0 to 3 min at a 1 mL min�1 flow rate followed
by a step gradient to 50 mM TMAOH for 3.01 to 10 min at
a flow rate of 1.5 mL min�1. An additional As compound,
3-amino 4-hydroxyphenylarsenic acid (3-AHPA), which hasFig. 1. Ion chromatography–inductively coupled plasma–mass spectro-
been suggested as a degradation product of ROX (Wershawmetry (IC–ICP–MS) chromatogram of seven As species standards:
et al., 1999; Garbarino et al., 2001), was added to the mixed10 �g L�1 dimethylarsenic acid (DMA), As(III), monomethylarse-
As standard. This compound was well resolved from As(V)nic acid (MMA), 3-amino-4-hydroxyphenylarsonic acid (3-AHPA),
and ROX, eluting at 7.6 min. The separation of the sevenand 4-aminophyenlarsonic acid (p-ASA), and 50 �g L�1 As(V)

and 3-nitro-4-hydroxyphenylarsonic acid (ROX). As species is given in Fig. 1. Three point calibrations were
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performed daily with mixed As species stock solutions con-
taining As(III), As(V), dimethylarsenic acid (DMA), mono-
methylarsenic acid (MMA), p-ASA, 3-AHPA, and ROX and
100-�L injection volumes were used for standards and sam-
ples. Calibration concentrations were 1, 10, and 20 �g L�1 As
for DMA, As(III), MMA, p-ASA, and 3-AHPA and 5, 50,
and 100 �g L�1 for As(V) and ROX. These concentration
ranges were based on preliminary results of the range of con-
centrations of As species in the litter extracts. Calibration
correlation coefficients were �0.9998 for all As species and
detection limits of 17, 25, 31, 24, 23, 32, and 40 ng L�1 were
obtained for DMA, As(III), MMA, p-ASA, As(V), 3-AHPA,
and ROX, respectively.

For each litter extract, approximately 12 mL of the WSE
was passed through either strong cation exchange resin (SCX;
benzenesulfonic acid functional group, styrene–divinylben-
zene support; Alltech, Deerfield, IL) or a strong anion ex-
change resin (SAX, tetramethyl ammonium functional group,
styrene–divinylbenzene support; Alltech). Trace elements re-
tained by the column were calculated by the difference from
the concentration of influent and effluent solutions.

RESULTS AND DISCUSSION
Total Trace Element Data and Water-Soluble

Extractions
The total elemental concentrations for the 40 PL sam-

ples given in Table 1 are in good agreement with previ-
ous compendium reports of PL major and trace element
concentrations (Sims and Wolf, 1994; Nicholson et al.,
1999; Williams et al., 1999; Adriano, 2001). Arsenic was
one of the most variable elements in terms of total
concentration, with a range of 1 to 39 mg kg�1 for the
40 PL samples. The upper range of total As found in
this study is approaching the value of 41 mg kg�1, which,
for comparison, is the concentration limit for As for
land application of sewage sludge to agricultural, forest,
or public contact land as regulated by the USEPA (40
CFR 503; USEPA, 1993). Copper and Zn had mean
concentrations of 479 and 372 mg kg�1; these concentra-
tions are well below threshold limit for land application
of sewage sludge (1500 and 2800 mg kg�1, respectively);
however, they are high enough to indicate that soils
subject to long-term PL application may have incurred
substantial cumulative loadings of these elements. In-
deed, soils subject to long-term PL application have
been shown to have increased concentrations of Cu and
Zn and there is evidence for increased leaching of these
elements (Kingery et al., 1994; Han et al., 2000). The
relatively high concentrations of U in the litter (mean �
5.6 mg kg�1) have not previously been reported and
presumably result from the use of inorganic phosphates
in poultry feed, as these sources have been reported to
contain 20 to 120 mg kg�1 U (Langmuir, 1997).

The proportion of the total elemental concentration
that was solubilized in a water extraction (WSE) is pre-
sented in Table 1. The polyvalent cations Al, Ca, and Mg
are relatively insoluble, probably due to precipitation
as phosphates. The monovalent cations Na and K are,
predictably, highly soluble. Of the divalent transition
metals, both Ni and Cu (49 and 41% mean percent
WSE, respectively) exhibit much greater solubility, and
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Table 2. Mean percentage of water-soluble trace elements retained by three solid-phase extraction columns (n � 40). Standard errors
are given in parentheses.

Column Mn Fe Ni Cu Zn As Se

%

C18† 16 (0.21) 20 (0.32) 12 (0.1) 27 (0.13) 16 (0.24) 11 (0.18) 21 (0.51)
SAX‡ 6 (0.18) 37 (0.23) 45 (0.23) 41 (0.26) 6 (0.22) 77 (0.21) 67 (0.23)
SCX§ 98 (0.03) 44 (0.18) 70 (0.23) 81 (0.16) 52 (0.31) 33 (0.16) 44 (0.36)

† Retains hydrophobic species.
‡ Strong anion exchange cartridge; retains anionic species.
§ Strong cation exchange cartridge; retains cationic species.

As was one of the most water-soluble elements from p-ASA, 3-AHPA, and ROX). The As not retained by
the SAX column may be a neutral species, for example,PL with a mean WSE value of 71%. This indicates that

on initial land application, As will be readily soluble As(III), or a cationic species, or may be present as an
anionic species not retained by the SAX due to competi-from the PL. The long-term fate of As from the PL will

depend on the initial speciation of As in the poultry, tion with excess PO4 in the extract. Cationic As species
were not expected to be present in the extracts; however,biotic and abiotic transformations of these species, and

the resulting soil chemistry of these species. 33% of As was retained by the SCX column, suggesting
the presence of either a cationic species or a species
that is retained by the stationary phase of the SCXRetention of Trace Elements by C18, Strong

Anion Exchange Cartridge, and Strong column (Table 2).
Cation Exchange Cartridge Solid-Phase

Extraction Columns Arsenic Speciation Data
The form of As in poultry feed is either ROX orThe proportion of water-soluble trace element re-

tained by various solid-phase extraction columns is p-ASA, as regulated by U.S. Food and Drug Adminis-
tration (21 CFR 556.60; U.S. Code of Federal Regula-given in Table 2. Copper was the most highly retained

element on the C18 column. This is not surprising given tions). It has been reported that these compounds are
not efficiently absorbed (or are added to the feed inthe affinity of Cu for complexation with DOC. Hy-

drophobic DOC would be expected to partition to the excess), such that the PL contains relatively high concen-
trations of As, and that the original As species added tosolid phase of a C18 column whereas hydrophilic anionic

DOC would be expected to bind to the SAX column. the feed is also the major species in the litter (Andreae,
1986). However, abiotic or biotic reactions are likelyThe SAX column retained 45% of soluble Ni and 41%

of soluble Cu, suggesting that a significant fraction of during litter storage or handling that could lead to
changes in As speciation. A summary of the As speciesthese elements is complexed by DOC in the poultry

extract. The affinity of Cu for DOC is in agreement determined in the 40 PL samples examined in this study
is given in Table 3. The major species determined inwith the results of Moore et al. (1998), who showed that

Cu concentrations in runoff were highly correlated to the litter samples were either ROX or As(V), with lesser
amounts of DMA, 3-AHPA, MMA, and As(III) alsoDOC in runoff from plots fertilized with poultry litter.

However, the SCX column retained 70 and 81% of detected. Other smaller (unidentified) As peaks were
also obtained at different retention times from the Assoluble Ni and Cu, respectively, suggesting that a por-

tion of the metal–organic anionic complexes were also species standards. For 20 of the 40 PL samples, As(V)
was identified as the major As species in the waterlabile and dissociated in the SCX column environment.

Only a small fraction of soluble Zn was retained by the extract, indicating that mineralization of the initial or-
gano–arsenic had occurred. Representative chromato-SAX column, indicating that it was not present as an-

ionic species. However, 48% of soluble Zn was not grams for WSE of a PL with predominantly As(V) and
predominantly ROX are shown in Fig. 2A and 2B, re-retained by SCX, indicating that a major species of Zn

in the litter is a neutral complex. The SAX column spectively. Three possible mechanisms for ROX degra-
dation have been suggested: (i) reduction of the nitroretained 77% of soluble As, consistent with the idea

that As is present mainly as anionic species (including group to form 3-amino; (ii) enzymatic oxidative aro-

Table 3. Summary data of As speciation in 40 poultry litter extracts.

DMA† As(III) MMA‡ p-ASA§ As(V) 3-AHPA¶ ROX#

Maximum concentration detected in solution, �g L�1†† 5.39 3.1 2.78 ND‡‡ 33.84 7.47 34.63
Maximum as percent of sum of As species, % 25 7 7 ND 80 36 80
Average as percent of sum of As species, % 9 2 2 ND 36 13 40
Median as percent of sum of As species, % 7 1 1 ND 34 12 37

† Dimethylarsonic acid.
‡ Momomethylarsonic acid.
§ 4-Aminophenylarsonic acid.
¶ 3-Amino 4-hydroxyphenylarsonic acid.
# 3-Nitro-4-hydroxyphenylarsonic acid.
†† One gram of poultry litter was extracted in 10 mL deionized water and was further diluted 20-fold.
‡‡ Not detected.
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Fig. 2. Representative chromatograms for poultry litter (PL) water-soluble extraction (WSE) with (A ) As(V) as the major species, (B ) 3-nitro-
4-hydroxyphenylarsonic acid (ROX) as the major species. (C ) Sample in 2A after the strong cation exchange cartridge (SCX) column, and
(D ) sample in 2B after the SCX column.

matic ring fission, which in aerobic conditions would column. However, the discrepancy in recovery of As
in the speciation scheme suggests an unidentified Asproduce As(V); and (iii) photolysis of the C–As bond

to produce As(V) (Wershaw et al., 1999). Garbarino et species that has a high affinity for the anion exchange
resin. It was noted earlier in the solid-phase extractional. (2001) have observed that ROX in PL leachate was

totally transformed to different As species within 48 h, results that the SCX column retained a mean of 33%
of soluble As. Hence we hypothesize that the unidenti-but in sterilized litter extract ROX was stable for at

least 10 d. Garbarino et al. (2001) further noted that fied As species must have a high affinity for the station-
ary phase (styrene–divinylbenzene) of exchange col-transformation of ROX produced an unidentified As

species that they proposed was of higher molecular umns (i.e., an aromatic As compound). The IC–ICP–MS
analysis of two of the SCX extracts gave essentially theweight than 3-AHPA. The results of our study also

indicate that As(V) is a major degradation product of same chromatogram as the WSE (Fig. 2C,D), that is,
no further As was retained by the anion exchange col-ROX, that is, As(V) was identified in litter leachates

with low concentrations of ROX, while litter extracts umn once the extract had been passed through a cation
exchange column. This observation supports the ideawith high concentrations of ROX had lower concentra-

tions of As(V). A correlation analysis of PL leachates, that the unknown As compound is retained by the sta-
tionary phase of the exchange columns. Hence, it ap-where total soluble As was �10 �g L�1 (36 out of 40

samples), showed that the percent As(V) (as a percent pears that degradation of ROX results in both As(V)
and an unidentified As species of more aromatic char-of total soluble As species) was negatively correlated

to percent ROX with R2 � �0.96. acter.
When the sum of As species was compared with the

total soluble As, incomplete recovery was noted for all
CONCLUSIONSPL extracts. Recovery ranged from 29 to 69% with a

mean value of 43%. The correlation analysis results Trace elements Ni, Cu, and As were found to be
indicated that percent recovery was directly correlated readily soluble from PL. More than 70% of Ni and Cu
to percent ROX and negatively correlated to percent was in the cationic form, or bound in relatively labile
As(V). Three spiked leachate samples gave mean recov- complexes that dissociated to the cationic species.
eries of 104, 104, 99, 100, 99, and 101 for DMA, As(III), Hence, trace metal cations from PL are expected to be
p-ASA, As(V), 3-amino, and ROX, respectively. Hence readily sorbed by soil mineral phases on land application
we have a high degree of confidence that these compo- of PL. The organo–arsenic feed additive ROX was

found to be the major species in 50% of the litter lea-nents were not being retained on the anion exchange
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Garbarino, J.R., D.W. Rutherford, and R.L. Wershaw. 2001. Degrada-chates. However, the prevalence of As(V) as a major
tion of roxarsone in poultry litter. In Proc. of Arsenic in the Envi-species in 50% of the litter leachates means that mineral-
ronment Workshop. Available at online at http://wwwbrr.cr.usgs.

ization mechanisms exist, leading to the degradation of gov/Arsenic/FinalAbsPDF/garbarino.pdf (verified 30 Oct. 2002).
ROX to the more toxic inorganic species. In addition U.S. Geol. Survey, Reston, VA.

Han, F.X., W.L. Kingery, H.M. Selim, and P.D. Gerard. 2000. Accu-to As(V), it appears that degradation of ROX leads to
mulation of heavy metals in a long-term poultry waste–amendedan, as yet, unidentified As species that had a strong
soil. Soil Sci. 165:260–268.affinity for the stationary phase. We are currently work- Jackson, B.P., and P.M. Bertsch. 2001. Determination of arsenic speci-

ing on methodology to identify this As species. The ation in poultry wastes by IC–ICP–MS. Environ. Sci. Technol. 35:
4868–4873.solubility of As from PL coupled with high concentra-

Jackson, B.P., and W.P. Miller. 1999. Soluble arsenic and seleniumtions of soluble PO4 from PL that can displace As from
species in fly ash/organic waste amended soils using ion chromatog-soil sorption sites (Peryea and Kammereck, 1997) sug-
raphy–inductively coupled plasma mass spectrometry. Environ. Sci.

gests that the continued land application of As-con- Technol. 33:270–275.
taining PL could be detrimental to soil and water quality Jackson, B.P., W.P. Miller, M.E. Sumner, and A.W. Schumann. 1999.

Trace element solubility from land application of fly ash/organicin the long term.
waste mixtures. J. Environ. Qual. 28:639–647.
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