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ABSTRACT OF THESIS

CARBON AND NITROGEN MINERALIZATION IN SLUDGE AND
FLY ASH-LIMESTONE SCRUBBER RESIDUE (LSR)
TREATED SOIL

. Carbon and nitrogen mineralization were measured in
soil treated with sludge and fly ash-LSR, at rates up to 270
‘Mg ‘ha™'. The more sludge, the greater the cumulative C and N
mineralization. A regression model indicated that a 154 Mg
ha’l sludge rate maximized cumulative C mineralization. No
nodel was developed for N mineralizatiom because of
considerable unrecovered N attributable to NHa
volatilization and denitrification. Nitrite accumulated up
to 151 mg kg™ soil. Toxicity of NH: was a plausible
suggestion for delayed nitrification. Additional sludge
probably increased the rate and extent of NH; volatilization
and suppressed nitrifiers for longer periods. The more
sludge, the smaller the % sludge organic C and N .
mineralization. This wag attributed to sludge salinity. The .
‘sludge rate maximizing $ sludge organic C mineralized was 15
Mg ha™. Fly ash-LSR at rates up to 135 Mg hal didn't
affect ¢ and N mineralization probably because it had low
salinity and a neutral pH. -
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CHAPTER ONE: INTRODUCTION

Production and Digposal of Sewage Sludge

Prior to 1972, wastewater from municipalities was
routinely discharged to surface waters, creating water
pollution. In 1872, to abate water pollution, the Federal
Water Pollution Control Act Amendment regquired
municipalities in the U.8. to treat wastewater before
~discharging it. The number of wastewater treatment plénﬁs in
the US has increased since then. This has caused an increase
in treated wastewater residues, namely sewage sludge. For
example, annual sludge production in the U.S. increésed from
€ million Mg in 1983 to 8.5 million Mg in 1990 (EPA, 1984).
It is projected to be 12 millicn Mg by 2000 as the
population grows and more advanced sewage treatment
techniques are developed (Hasbach, 1991).

The large quantities of sludge produced by wastewater
treatment plants must be disposed of properly. Approximately
25 % of the sludge production in the U.8. is landfilled, 50
% is incinerated or stored in lagoons, and 25 % is land
applied (Hasbach, 1991)}. The major limitations to
landfllllng sludge are the lack of 1andf111 space and the
high costs for landfill maintenance. Mbst landfills will be
at capacity in 2 to 3 years (Hasbach, 1991). as these

landfills'are filled, new sites need to be identified. For



these reasons, many states discourage landfilling of sludge.
Missouri, Ohio, Oregon, and Washingﬁon limit sludge
landfilling to 10 % of sludge production. Some states, such
"as New Jersey and North Carolina, prohibit sludge
landfilling (Goldstein, 1991). These states landfill some of
their sludge elsewhere, which increases sludge
transportation costs.

Although sludge incineration recovers some energy, it
. may not be a viable long-term golution for sludge management
due to stringent regulations on air pollution control.
Incineration destroys all pathogens and degrades many toxic
organics in sludge. But, incineration doesn'’t destroy metals
in sludge. Instead, iﬁ concentrates them in the ash that
"must be disposed of eventually. The limitations to lagoon
" storage of'sludge, like landfills, include lack 6f lagoon
space and lagoon maintenance costs.

Many states encourage application of sludge to land as
a means of sludge disposal. The Environmental Protection
Agency (EPA) encourages sludge use as a fertilizer in
agriculture, and numerous studies have been conducted to
maximize the beneficial effects of sludge on soil properties
and crep growth.

These studies demonstrate that sludge can be applied to
foresté, drastically disturbed lands, and agricultural lands

to improve soil physical characteristics such as aggregate



stability (Epstein, 1975; Kladivko and Nelson, 1979; Pagliai
et, al., 1581) and water retention (Epstein, 1975; Epstein
et al., 1376; Gupta et al., 1977), and chemical
characteristics such as plant nutrient availability (Harding
et al., 1984; Hinedi et al., 1988; Kelling et al., 1977;
McLaughlin and Champion, 1987) and cation exchange capacity
' (Epstein et al,, 1976; Kladivko and Nelson, 1979}. For these
reasons, sludge application onto lands has increased many-
-fold. A mean of 37 % of the total sludge production in 21
states is land applied (Goldstein, 1991). Colorado, Florida,
Oregon, and Washington, for example, land apply over 70 % of

sludge.

Production and Disposal of Fly Ash-Limestone Scrubber

Residue {(LSR)

In the 1570's, regulations to control both water and
air pollution were enacted due to increased public awareness
of environmental problems. The'C1ean Aix Act of 1977
requires coal burning power plants to outfit each of their
smokestacks with a sulfur dioxide (S50;) scrubbing unit. The
unit captures SO; with a solid such as limestone dust before
it exits to the atmosphere. Captured particles and fly ash
(coal combustion residue) fall underneath the beoiler. The
mixture of the two is referred to as fly ash~Limestone(

Scrubber Residue (LSR). The annual U.S. production of fly



ash-LSR was approximately 16 million Mg in 1984 and is
expected to increase to 50 million Mg by 2000 (EPA, 1988).

There are two major methods of £ly ash-LSR disposal:
settling ponds and landfills. Settling ponde are surface |
impoundments that receive fly ash-LSR in slurry form.
Landfills receive dry fly ash-LSR. Approximately 70 % of the
power plants in the U.S. use one or a combination of the two
methods (EPA, 1988). The major adverse impact of fly ash-~LSR
- disposal is leaching of toxicants into seils and
groundwater. For this reason, states have increaéed
regulation of disposal sites and require groundwater
monitoring. These bring additional costs to fly ash-LSR
disposal.

Applying fly ash-LSR to agricultural lands has been
investigated as a means of improving soil physical
properties such as texture (Chang et al., 1877y , =meration
-{Aitken and Bell, 1985; Chang et al., 1977}, and water
holding capacity ({(Chang ét al., 1977}. Fly ash-LSR also
increases the pH of acid soils (Elseewi and Page, 1984;
Petruzzelli et al., 1887; Plank et al., 1975). It may also
‘'relieve nutrient deficiencies including those of Eoron,
calcium, molybdenum and sulfur (Mulford and Martens, 1971;
.Plank and Martens, 1274; Wallace et al., 1980; Wallace and

Wallace, 1986},



Compared to sludge treated soil, fly ash-LSR treated

" soil has been the subject of few studiesz on C and N
mineralization (Arthur et al., 1984; Cervelli et al., 1987;
Pichtel, 1990). Fly ash-LSR, unlike éludge, has little
mineralizable C and N. Fly ash-LSR usually decreases total
and N mineralization. The studies suggest that the decreases
in total C and N mineralization are dﬁe to high heavy metal
content and/or pH in fly ash-LSR (Arthur et al., 1984;

: Cervelli et al., 1987; Pichtel, 1990). However, these

hypotheses aren't well tested.



CHAPTER TWO: LITERATURE REVIEW
B et M el el

C Mineralization in Sludge or #ly Ash-LSR Amended Soil

Sludge application increases microbial numbers and
_enzyme activities in soil because there are readily
available forms of organic C in sludge (Coppola, 1983;
Hattori, 19B8; Varanka et al., 1976). For example, Hattori
and Mukai (1986) determined that the protein content of 6

. sludges ranged from 25 to 60 % of the total organic matter.
As s0il microorganisms consume readily available substrate,
c mineralization rates decline (Hsieh et al., 1981a).
Incremental decreases in C mineralization rates with time
indicate that soil microoréanisms utilize organic sludge
.compounds according to their degradabi;ity. In other words,
resistant organic ¢ is decomposed at slower rates than
labile compounds. The mineralization rates in sludge-amendad
séil drop to levels of non-amended soil within 4 to 6 weeks,
and stay constant independent of time (Hattori, 1988; Hsieh
et al., 198la; Pichtel, 1990).

Although patterns of C mineralization in sludge-treated
.soilé are similar, total € mineralization varies greatly,
The factors that influence total ¢ mineralization are: 1,

- Type of sludge treatment; 2. Sludge organic C content and
composition; 3. Soil texture; 4. Soil pH; 5. Soil water

botential; 6. Temperature; 7. Sludge application rate.



Carbon dioxide (C0;) evelution measurements from sludge
treated soil under controlled conditions are a standard
technique used to determine total ¢ mineralization. Some
studies trap CO, evolved from amended soil in an alkaline
solution such as sodium hydroxide (NaOH) and measure trapped
CO; by titration. Other studies measure CO; evolution
directly by gas chromatography.
| Independent of the technigue emploved, the fluration of

fincubation in these studies varies greatly. Much of the €O,
evolution occurs during the first 4 weeks (Miller, 1974).
Terxy et al. -{1979), for example reported that about 90 % of
the total CO; produced from sludge in 19 weeks evolved in
the first 4 weeks of an incubation. To remove the time
.effect on ¢ minerali;ation, only CO, evolved in the first 4
weeks of incubations was plotted in Figures 1 to 11 for this
review of the literature.

Wastewater undergoes primary treatment which removes
settleable solids, and secondary treatment which removes
fine suspepded solids (EPA, 1984). Volatile sludge solids
ére reduced by stabilization Processes thereafter. Major
stabilization methods include anaercbic digestion, aerobic
digestiocn, and ccmpostiﬁg. Anaercbic digestion, the most
common sludge treatment, retains the sludge anaerobically at
20 °C and converts 40 to 50 % of the volatile solidg in

sludge to methane and carbon dioxide (Demuyncle et al.,



1985) ., Aerobic digestion, the mechanical mixing of sludge
with air or oxvgen to maintain aerobic conditions, converts
40 to 50 % of the volatile solids in sludge primarily into
carbon dioxide (EPA, 1984). The composting process commonly
mixes sludge with a bulking agent such as wocod chips, bark,
or straw, which decomposes aerocbically for several weeks.
The objective of this process is to decompose organic matter
in sludge to stable, humus-like substances, so that the
compost can be marketed as a slow release fertilizer.

A survey of 150 sludge treatment plants in the U.S.
showed that the organic C contents of aercbically and
: anaerobically digested sludges are similar {Sommers, 1977).
Most sludges contain ap#roximately 20 to 30 % organic C,
independent of sludge type. Hiégins et al. (1982) treated a
raw sludge by different sludge stabilization methods. They
determined that cellulose and lignin make up a greater
percentage of total solids in anaercbic sludge than in
aerocbic sludge (Table 1).

Lignin resists degradation (Bartlett and Norman, 1938)
and slows the decomposition rate of cellulose with which it
ig intermixed (Fuller and Norman, 1%43). This may explajin
why total C mineralization is higher in aerobic sludges than
"anaerobic sludges for a given time (Figure 1). H;ieh et al.

(198la) found that anaerobically digested sludge had 2 times



*Z8ET ‘°1° 39 SUIB6TH woxy ejeq

§°0T 12T S'6 utubr

'L L°ST 6°CT wwoﬂﬁﬁﬁmu

S el T°ST S°¥i SPTOY ouTury

¥°s 9'7 6°7 (3TANTOS I9Y3¥) 9se=an [vlof

paisoduoc) paisebTq pa3sebtg _ JUSNJITISUOD
AfTeoTqoIoRUy ATTeotgoasy

SPTTOS TEIOL JO %

*,®bpnis B 3o uwotirsodwod oTuwbIo TEUTY UO POYISUW UOTIRZTITNEIS FO 10933F I s1gel



10

“ATeaTioedsel /SUOTIRAISSHO JO JOQUWAU PUER UOTIELTASP PIEpuUeRlsS T juasszxdsa

U pue Jeq IoixT " (886T) SYSTTAIZ pue URWSSTM ! {LL6T) "T¢ 3@ I9183% ! (6L6T) ‘Te 3° Axzsy
‘{066T) sedArH pue [e3UOTd {{066T) xoddog pue uosTTeN ! {(Z66T) "I¥? 2I® Uyoaod ! (vT861) "I®

32 UBTSH {(9861) TEMNR pPuw TI0lleH ! (6861) InRd pue oTAog ! (LL6T) ~Tv 235 urrgby umoxg eyeq i

adAL, abpntg
pajsodwo) A p@3sebtg ATTeDTqOoxaY paisobtg AlTeoIqozsaray

+

T G001

gT=u

T osoe

T 400%

(Tros [ By D-foon Bur)
UOTIRZTIRIBUIN I TRIOL

p=u

= 0007

._mghg 9bpnTs pue wOTIeZTIRIBUTW D TvI0] Usemilaq drysuoTlje[ax Yyl T oInblg



11

less total C mineralized than aercbically digested sludge
because it had 1.5 times more lignin.

The ratio of bulking agent to sludge in compost is 3:;1
in most cases (EPFA, 1984). Composting increases the organic
C content of the final product since bulking agents contain
mere organic C than sludge. For example, carbon contents of
bark and wood are 32 and 39 % of the dry matter,
respectively (Agbim et al., 1977). Much of the organic C in
.8 compost is registant to microbial degfadation since the
-bulking agent is poorly degradable. For exanple, the lignin
content of wood typically ranges from 25 to 50 % of the dry
matter (Lawson and Still, 1957). This results in less total
C mineralization in composted sludges than in aerobic '
sludges (Figure 1).

Total C mineralization tends to increase as sludge
organic C content increases {Figure 2). However, sludge
organic C composition is more important than sludge organic
C content in determining total C mineralization (Boyle and
Paul, 1989; Hattori and Mukai, 1986; Hsieh et al., 1981a;
Lexrch et al,, 1992). Asllabile organic matter in sludge
increases, total C mineralization in sludge treated s0il
increases.

Simple sugars and free amino acids are the most
available constituents of sludge (Rebhun and Manka, 1871).

These constituents are mineralized early in the incubation
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and contribute much to respiration {8chaumberg et al.,
1580), Hattori and Mukai (1886) determined that there was a
relationship between total ¢ mineralization and water-
soluble sugar contents in 5 sludges (Figure 3).

Lerch et al. (1992) determined that there was high
correlation between total C mineralization and extractable
proteins in 7 sludges (Figure 4). The correlation
coefficient was approximately 0.95 for both H,0 and 1 M NaOH
.soluble proteins. Protease activity of sludge amended soil
was also positively ;elated £o total C mineralization since
most soil micrporganisms are proteolytic (Hattori, 1988).

Total C mineralization is inversely related to éludge
lignin content (Hattori and Mukai, 1986). Since lignin in
sludge contributes to goil organic matter (Epstein et al.,
1976; Gupta et al., 1977; Hohla et al., 1978; Kladivko and
‘Nelson, 1979; Lunt, 1959}, one can assume that ag sludge
conﬁribution to soil organic matter increases, total C
mineralization from the sludge amended soil should decrease.
Data from C mineralization studies show this. Anaerobically
aigestea sludges (Gupta et al., 1977; Kladivko and Nelson,
1978) increase soil organic matter more than aercbically
digested sludges (Epstein et al., 1976; Lunt, 1859)
anaerobically digested sludges also have lower total ¢

mineralization than aercbically digested sludges (Figure 1} .
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Soil texture seemé to have little effect on total ¢
mineralization in sludge treated soils (Figure 5). However,
the variability of soil properties in various studies is too
<great to demonstrate this conclusively. Soil texture effects
on C mineralization can be best explained by locking at the
results from studies that used soils differing greatly in
soil texture, but not in other sqil properties.
Tester et al. (1977) determined that when amended with
- 8ludge, a silt loam sSoil mineralized approximately 15 % more
C than a sand and a sandy loam soil. Terry et al. {1979)
found that total C mineralization values in 3 different
soils amended with a sludge were similar after a month. But
after a year, total C mineralization values were
‘approximately 20 % higher in silt loam soil than in sandy
Cloam soil.rRelatively bigh total € mineralization in silt
loam soils may be a function of water regime and aeration in
such soils. These soils tend to have more available water
for a given moisture content.
Total ¢ mineralization in sludge amended soil tends to
‘be highest when .g0il pH is neutral {Figure 6)}. As soil pH
decreases, total C mineralization decreases. The optimum pH
for most heterotrophic microorganisms ranges from 6.5 Lo
7.5. Bacteria, major mineralizers in soil, are more

‘susceptible to low pH than fungi.
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The pH:of sludge-amended soil is controlled by the
"initial soil and sludge pH. When an acid soil is treated
with acid sludges, total C mineralization vglues are near 0
(Hattori and Mukai, 1986). Alkaline sludges neutralize
acidity arising from the initial soil pH and nitrification
during incubation (Hattqri and Mukai, 1986; Terry et al.,
1979} . Alkaline sludge amendments to acid soils usually
increase total C mineralization by creating a favorable pH
.for microbial growth.

Soil water affects important factors for microbial
growth such as the nature and amount of soluble materials
and aeration. When soil water potential igs too low, the
-amount and movement of dissolved compounds in soil are
insufficient. When soil is saturated, aeration becomes a
problem.

Total C mineralization in sludge-amended so0il varjes
little when soil water potential ranges from -0.01 bar to
-1.00 bar (Figure 7). Hesieh et al. (1981a) reported that
total C mineralization values were similar when soil water
potential ranged from -0.06 to -0.33 bar,

Total C mineralization increases asg temperature
increases (Figure 8). The temperature quotient Qi; (the
ratio of reaction rates at two temperatures separated by 10
?C) for sludge C mineralization is approximately 2.0 at

temperatures ranging from 15 C to 30 °C {(Hsieh et al.,
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1981a; Terry et al., 1979). The effects of temperature are
most apparent in the first month of incubation (Miller,
1974; Terry et al., 1879). This suggests that temperature
has more effect on labile sludge organic C than on resistant
sludge organic C.

Az sludge application rate increases, total C
mineralization tends to increase due to the additional C
substrate (Figure 9). The highest rate of increase in total
. € mineralization as more sludge is added occurs in
aerobically digested sludge-amended soils {(Figure 10}. The
rate of increase is less in anaercbically digested and
\composted sludges than aercbically digested sludges (Figures
1l and 12). This might be.due to higher lignin content in
anaerobically digested and composted sludges than
aerobically digested sludges (Hattori, 1988; H=ieh et al.,
198la).

Although Eotal C mineralization increases, as more
sludge is added, the % organic¢ C mineralized from sludge
decreases regardless of sludge type (Figure 13). The % C
mineralization is higher in aercbically digested sludge-
amended soils thaﬁ in anaercbically digested sludge-amended
soils, probably because aerobically ‘digested sludges have
ﬁmore labile substrate C and léss lignin (Hattori, 1988;

‘Hsieh et al., 1581a).
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The decrease in % C mineralization as more sludge is
- added isn’t due to changes in =soil pﬁysical properties.
Studies show that sludge amendment, especially at high
rates, improved soll physical properties for‘microbial
growth. The improvements are better solil aggregation, water
retention (Epstein, 1975), and porosity (Gupta et al., 1977;
Paglial et al., 1981). Sludge addition increased total
. porosity by 13 % (Gupta et al., 1977) and the number of
- pores sized from 0.5 pum to 500 um (Pagliai et al., 1981).

Sludge applied at high rates, however, may change soil
chemical properties and inhibit socil microbes. Sludge
salinity increases when sludge is treated with lime
[Ca(OH),1, alum {Alz(sda)a]; or £e¥ric chloride {FeCl;) to
reduce pathogen and odor problems. Sludges treated with
these chemicals increase the so0il salinity when they are
lapplie& at high rates (Agbhim et al., 1977; Tester and Parr,
1983). Electrical conductivity values in sludge-amended
soils are near toxic levels for C mineralization (Johnson
-and Guenzi, 1963; Nelson et al., 1995).

Although many studies have focused on C mineralization
in sludge treated soils, only a few studies have assessed C
mineralization in fly ash-LSR treated soils (arthur et al.,
1984; Pichtel, 1990). Even fewer studies have examined fly

ash-LSR and sludge treated soils (Pichtel, 1990),
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A 100_Mg ha™ sludge amendment increased total C
‘mineralization in soils aﬁended with £ly ash—LSR {Pichtel,
1990) . The increase in total C mineralization by sludge was
significant in soils treated with fly ash-LSR at rates up to
200 Mg ha™, but not at 400 Mg ha™.

Fly ash-LSR is unlikely to increase C mineralization in
soil by itself since it doesn’t contain organic C. Arthur et
al; (1984} and Pichtel, (1990) determined that fly ash-LsSr
at a 100 My ha™ application rate didn’t affect respiration,
bu; it did greatly reduce respiration at rates higher than
200 Mg ha™l. These authors concluded that the decrease in
respiration was due to toxicity caused by heavy metals in
fly ash-18R,

Limited information exists to clearly identify the role
of fly ash-LSR amendment in decreasing total C
hinerélization in soils. The heavy metals in fly ash-LSR
used in the Arthur et al. (1984) and Pichtel (1990} C
mineralization studies were chromium (Cr), cobalt (Co),
copper (Cu), lead (Pb), nickel (Ni), and zinc (zn).
Concentrations of these heavy metals ranged from 100 to 1000
rpm. Arthur et al. f1984) implied that heavy metals in fly
ash-LSR were at least 10 times greater than those that could
;ause inhibition of soil microorganisms. However, they
- ignored the dilution of heavy metals in fly ash-1L.SR caused

by mixing with soil. For example, a 200 Mg ha™ fly ash-LSR
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amendment to soil dilutes heavy metal concentrations in fly
ash~LSR approximately 10 fold.

The availability of heavy metals to soil miczroorganisms
depends on soil pH. Many heavy metals are most available
under acidic éonditions. At higher pH, most heavy metals
precipitate or bind to clay and organic material in soil. In
Pichtel’s (1990) work, however, pH levels in fly ash-LSR
treated soils were either neutral or alkaline. This suggests
that inhibition of ¢ mineralization wasn't due to heavy
metals in fly ash-LSR since mbst hesavy metals are much lessg
available in alkaline soils.

Fly ash~LSR pH can vary from 4.5 to 12, depending on
the 8 content of the coal (Adriano, et al., 1980). Eastern

coals have a higher 8 content and produce acidic fly aéh—LSR
bwhile western coals have lower S content and produce
alkaline fly ash-ILSR. Weathering processes neutralize
alkalinity in fly ash-LSR by carbonation, a process in which
CO; from the atmosphere combines with Ca*’ and Mg*? oxides,
forming stable Ca and Mg carbonates.

Alkaline fly ash-LSR (usually unweathered) has been
used to neutralize acid seils and provide a better pH for
plant growth. In some cases, however, fly ash-LSR amendment
increased soil pH well above neutral levels and caused
toxicity to plants grown in the amended soil_(Aariano_et

al., 1982; Elseewi et al., 1980; Petruzzelli et al., 19887).
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In one study, an alkaline ash was added to both acidic and
neutfal soils {Adriano et al., 1982). The ash amendment
increased soil pH to 7.0 and 9.0 in the acidic and neutral
sails, respectively. The ash amendment increased vield of
sudan grass_{g; vulgaris) in acidic soil while it decreased
yield in neutral soil.

Soil buffering capacity can be more important in
determining the pH effects of ash addition than initisl soil
. PH {Elseewi et al., 1980). Petruzzelli et al. (1987) fqﬁnd
that when an ash was added to 2 acidic soils, the pH
' increased to 9.0 in poorly buffered soil, and there was

little increase in well buffered soil.

Unweathered ashes are high in soluble salts. The
dominant cation in fly ash-LSR is Ca'® (Sakata, 1987;
Spencer and Drake, 1987; Theis et al., 1978). when such
ashes are applied to soil, EC can exceed 13 dsm™ (Adrianc
et al., 1978; Mulford and Martens, 1971). These levels are
‘above the EC considered to cause adverse effects for most
plants (EC > 4dsm™). Weathering decreases salinity in fly
ash-LSR by carbonation processes which form‘carbonates of
Ca** and Mg*? cations.

Multiple factors may control toxicity to ¢
mineralizaﬁion in soil treated with fly ash-LSR. For
example, the fly ash used in Arthur et al.’'s {1984) ¢

mineralization study had a high B concentration (300 Ppm)
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and a pH of 5.0. Soil amendment with this fly ash-LSR may
have caused toxicity due to both high B and low pH. Acidice
conditions may mobilize the heavy metals contained in fly -
ash-LSR. Consequently, synergistic effects of these factors
may increase the toxicity. Boron concentrations in these ash
materials range from 10 to 5,000 ppm, but are mostly in the
range of 250 to 600 ppm (Hatcher and Wilcox, 1950). The
availability of B is much greater in acidic unweathered fly
. ash-LSR than from weathered fiy ash-LSR {(Mulford and

" Martens, 1971).

N mineralization in Sludge or Fly Ash-L8R Treated Soil
Nitrogen {(N) mineralization iﬁ sludge treated soils has
been often investigated (Epstein et al., 1978; Fine et al.,
1889; Garau et al., 1986;-Hsieh et al., 1981b; Magdoff and
Chromec, 1977; Oba and Ngﬁyen, 1882; prarker and Sommers,
1583; Ryan et al., 1973; Terry et al., 1581; Yoneyama and
Yoshida, 1978). Sludge N mineralization is important since
the final product of this process, ammonium (NH,"), serves
as a plant nutrient and a substrate for nitrification.
"Nitrification produces nitrite (NO,) and nitrate-(NO{) that
are subject to leaching to groundwater and denitrification.
Another fate of nitrogen is through ammonia (NH,)
velatilization when sludge has high NH,* concentrations-and_

pH is alkaline in the amended soil.
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Whenever N mineralization occurs, assimilation of
inorganic N into microbial cells (immobilization) runs
counter to it. Therefore, most studies measure net N
mineralization, that is,.the difference between N
mineralized and N immobilizea. Since the N cycle is composed
of interlinked processes the type of measurement and
experimental protocol become important when assessing net N
mine?alizaticn. Measurements of net changes in the inorganic
- N pool have been employed to assess nst sludge N
minerglization. However, a change in inorganic N status
during incubation doesn‘t account for all N fates, namely _
ammonia {NH;) volatilization and denitrification. For
- example, Hsieh et al. (1981b}) determined that the net gain
in inorganic N during an 8 week incubation accounted for
Just 25 % to 50 % of the net organic N loss. Thus, the
‘reliability of net changes in inorganic N as a measure of
net N mineralization depend on the fate and magnitude of N
fates.

Few studies have assessed volatilization of NH; from
sludge-treated soil (Fine et al., '1989; Ryan et al., 1873).
These studies showed that NH; volatilization is a2 major fate
of mineral N when sludge has NH,'-N contents of 7400 ppm or
-higher. Fine et al. (1989%) determined that approximately 28,

'35, and 48 % of the sludge organic N was ammonified and lost
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via NH; volatilization at 20, 100, and 200 Mg ha™ sludge
application rates, respectively.

As sludge rates increase, the NH,-N content of
treatments and the potential fer NH; volatilization
increase. Ryan et al. (1973) ocbserved approximately 5 to 8
times higher NH; wvolatilization than Fine et al. {18838}, but
their sludge had an extremely high NH,*-N content (47700
ppm} . Mogt studies use sludges with NH,"-N contents ranging
from 1000 to 4000 ppm. Since these sludges have a lower
inorganic N content, NH; volatilization in soils treated
with such sludges should be less than those observed by Fine
et al. (1989) and Ryan et al. (1973).

Denitrification in sludge-aﬁended solls is controlled
by the availability of anaerobic conditions and substrate
{(i.e. NO2", MO ). Sludge treated soil samples are generally
" incubated in poylethylene bags that are permeable to air.
éarly‘in the incubation, probably within a few days, the
rate of oxygen {0;) consumption by soil microorganisms may
exceed the rate of 0; diffusion intoc the bags, promoting
anaerobic microsites in sludge-amended =oil. The NO; -N +
- NO3"-N content of treatments is usually low initially and
only increases asg nitrification occurs (Hsieh et al., 1981b;
Oba and Nguyen, 1982; Terry et al., 1981). Consequently,
denitrification at high rates is often unlikely in most

sludge-amended soils since when 0, is rapidly consgumed



35

initially, there isn’t substrate (NO;—N), and when the
substrate is formed later, O, concentration is too high.

However, denitrification in sludge amended soil cou}d
occur when there is either a high initial NO; N conbent'or
rapid O; consumption during the whole experiment. A heavy
sludge amendment may maintain high C mineralization rates
for a long time because of abundant labile C substrate. This
will increase the duration of high O, consumptioﬁ and create
microsites, even during late incubation. Consequently,
denitrification may occur in these treatments as NO;” is
formed. For example, Fine et al. {1989) measured a
denitrification rate of 6.5 mg N:0-N x:'ia._y"1 in a 200 Mg ha™
treatment at the fourth week of incubation. However, mineral
N losses via NH; volatilization were 10 to 15 times higher
than mineral N loss via denitrification.

Measurements of net changes in the organic N pool are a
more accurate predictor of net N mineralization than changes
in_the inorganic N pool. This is because there are few fates
" of organic nitrogen except through N mineralization.

This review will address studies that measured organic.
‘N loss. It will also deal with studies that measured mineral
N ga%n only if these studies accounted for NH;

volatilization or when sludge NH,"-N content and application

rates were low.
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Two methods for removing mineral N from incﬁbating
sampleé are generally used. Some studies leach inorganic N
from incubating samples repeatedly throughout incubation.
Other studies periodically extract inorganic N from either a
replication or a subsample of a treatment. The 1eacha£e
method may underestimate net N mineralization since leaching
removes some of the organic N, which could be mineralized in
samples (Parker and Sommers, 1983). On the other hand, it
may also overestimate net N mineralization since leaching
. not only removes organic N but also inorganic N which could
. be immobilized. Garau et al. (1986) found that the net N
mineralization values were approximately 2 times greater
when the leachate method was used compared to the extraction
method. Because the measurements made by the leachate method
are biased, this review deals with studies that used the
extraction method.

Independént of the extraction technigque émployéd,
estimates of net N mineralization in sludge-treated soils_
show great variation This variation is a function of: 1.
Sludge type; 2. Sludge organic N content and composition; 3.
Sludge C:N ratio; 4. Soil texture; 5. Soil pH: 6. S0il water
.potential; 7. Temperature; 8. Sludge application rate.

When O; is supplied in excess, aerobic_treatment of
wastewater can biodegrade_a greater range and amount of

gubstrates in a given time than anaercbic treatment.
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However, solids in sludge are wet and compact, which limits
the O; supply teo microbes. Due to the limited supplj of 0,,
aerobic sludge treatment usually is less efficiegt in
-biodegrading'organic N in sludge than anaerocbic sludge
treatment (Hobson et al., 1974). This results in more
organic N remaining in aerocbically digested sludge than in
~anaerobically digested sludge. A survey of 123 sludges from
€ north-central states of the U.S. showed that asrobically
 digested sludges have approximately 25 % more organic N than
anaerobically digested sludges (Sommers, 1977). |
Consequently, aerobically digested sludges tend to have
higher net N mineralizatiocn when they are applied to soil
than anaercbically digested sludges (Figure 14). When the
same experimental conditions are used, aercobically digested
‘sludge ?ields 2 to 5 times higher net N mineralization than
anaercbically digested sludges (Hsieh et al., 1981b; Parker
and Sommers, 1983).

As sludge application rate increases, the difference in
net N mineralization arising from sludge type decreases. In
a study by Hsieh et al. (1981b) net N nineralization was
-approximately 2 times higher in an aercbically digested
'sludge than in an anaerobically digested sludge when the
application rate was 80 Mg ha™, and only 1.2 times higher
when the application rate was 160 Mg ha™ and above. This

may be related to decreased % mineralization when sludge
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application rates are high. Conéequently, the higher tha
sludge application rate, the less difference in net N
mineralization among different sludge types.

The lowest net total N mineralization occurs in
composted sludges (Figure 14). Composted sludges used in
these studies have the smallest mean organic N content
(1.4 %}, compared to that of aerobically (3.1 %) and
anaercbically (2.0 %) digested gludges. Furthermore,
composted sludges tend to have higher C:N ratios than
digested sludges. This also contributes to low net N
mineralization. Net N immobilization occurs when the C:N
ratio of composted sludge exceeds 30:1 {Sims, 1990).

Although the type of treatmenﬁ affects organic N
content, it has small influence on the ocrganic N composition
- of sludge. Higgins et al. (1982} treated a raw sludge by
different stabilization methods. They determined that the
amino acid contents of treatea-sludges were similar
" regardless of the sludge stabilization method employed
(Table 2). This only holds if the same raw sludge is usedqd.
Wastewaters entering treatment plants, therefore, raw
"sludge, differs greatly in chemical composition. Oba and
Nguyen (1282) found that amine acids represented 47 % of the
total hydrolyzable N in an aerobically digested sludge. Ryan

et al. (1973) observed that it was 24 % in an anaerobically
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digested sludge. Oba and Nguyen (1982) measured 3 times
higher nast total N mineralization than Ryan et al. (1973).

Ag sludge organic N content increases net N
mineralization increases but there is great variation in the
‘ individual classes (Figure 15). This variation could be
explained by differences in the immobilization of ﬁ, and the
composition of sludge organic N. Epstein et al. (1978)
- observed differences of up to 60 % in net N mineralization
of soil amended with sludges, although the sludges had
similar organic N contents. In their study, the C:N ratio of
sludges ranged from 8:1 to 17:1, which could make N
immobilization, thereby, net N mineralization quite
variable.

Sludge proteins are important begause of their
degradability and their abuﬁdance in sludge. Most sludge
' contains approximately 20 % protein by dry weight (Hobson et
Al., 1974). However, Lerch et al. (1992} found that a
regression for the relationship between extractable protein
content of sludge and net N mineralization gave a low
correlation. In contrast, a regression for the relationship
between primary amines {molecular weight < 14,000} and net N
‘mineralization gave high correlation. The effect of sludge
C:N ratio was reflected in the latter regression whereas it
“wasn't reflected in the former regresgion, Had C:N ratio of

sludge been reflected, the regression between protein
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content of sludge and net N mineralization could have alsoc
yielded a high correlation.

Therefore, the conclusion of Lerch et al. {(1992) that
sewage sludge proteins may not be a labile organic N pool
doesn’t hold. In fact, there is evidence that suggests
otherwise. Hattori (1988} observed high correlations between
proteinase activity and net N mineralization. This, and the
high correlation between proteinase activity and npumbers of
. bacteria during early incubation suggest that proteins in
sludge are a labile organic N pool,

Prpteins may not be the only abundant labilc organic N
in sludge. Most of the aerobically digested sludge organic N
compounﬁs have moleculaf welghts less than 1,500.
Approximately 5 % fall in the range of 0 to 165, 50 % in the
range from 165 to 1,800, 10 % are greater than 1,800, and 35
% are unaccounted for (EPA, 1978). Molecular weights of up
to 165 include ofganic N constituents such as amino acids,
urea and small nucleic acid bases. Molecular weights ranging
from 165 to 1,800 include small proteins, peptides and
nuclectides. Those molecular weights that are greater than
1,800 reflect large proteins, enzymes, RNA, DNA, and humié
~acids. There is little information about how these
congtituents of sludge affeot net N mineralization. But it

is most likely that as labile organic N, including amino
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acids, peptides and small proteins, in sludge increase net N
" mineralization increases.

As the C:N ratio of sluﬁge increases, net N
'mineralization decreases (Figure 16). The ratio of C:N for
the cellular component of soil microorganisms ranges from
5:1 to 10:1. Soil microorganisms assimilate ¢ and N from
sludge organic compoundé to synthesize new cells. If the
organic € ig too high relative to available N, soil
microorganisms will utilize mineral N from the environment ,
The critical C:N ratio of substances entering soil ranges
from 20:1 to 30:1. Wider ratios than this range favor N
immobilization and narrower ratios faver N mineralization.

Several studies have mentioned N immobilization in

sludge-amended soils (Epstein et al., 1278; Parker and
Sommeré, 1983; Tester et al., 1877). Sims {19580) measured
net N immobilization in soils treated with composted sludge.
As sludge C:N ratic increased from 33:1 to 53:1, at an
application rate of 22 Mg ha™, net N immobilization
increased from 7 ppm N to 39 pprm N. In the same study,
sludge with a C:N ratio of 60:1 immobilized less N than
sludge with a C:N ratio of 53:1. However, the sludge with a
VC:N ratio of 60:1 contained limestone which could have
neutralized the acid soils used in this study, and therefore
provided a pH more conducive for N mineralization. Another

explanation for the lower immobilization of N in this sludge
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might relate to the availability of organic C. As we have
seen; the availability of organic ¢ in sludges, thus, total
C mineralization, differs greatly. If sludge organic € is-
legs available, its utilization by microbes in soil will be
reduced. In this case, mineral N will be utilized to a
lesser extent because demand for it is reduced. One
implication of these observations is that aerobically
digested sludges have more labile organic C, therefore, they
- could immobilize more mineral N than anaerobicallv digested
sludges, even though both sludges would have similar C:N
ratios. |

-In Sims’ (1990) work, as more sludge with a high ¢:N
ratio was added, plant dry weight decréased. As more sludge
is added more mineral N will be incorporated into microbial
biomass. Soll microorganisms can outcompete plant roots in
utilizing the mineral Ni

& summary of data from 9 studies shows that soil
texture has little effect on net N mineralization in sludge
treated soils (Figure 17). Lindeman and Cardenas (1984}
found there wasn'f & significant difference in N
mineralization potential of a clayey soil and of a sandy
scil. The goils used in this study varied greatly in
texture, but they had similar organic N and C levels, and

‘similar pH values.
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Net N mineralization in sludge amended soil was highest
when soil pH was neutral (Figure 18), since neutral PH
levels tend to maximize heterotrophic growth. Most bactefia
grow best at higher pH (6.5-7.5), and as soil pH decreases,
net N mineralization decreases. |

Garau et al. (1986) applied a neutral sludge at rates
up to 20 Mg ha™ to soils having pH levels of 5.5 and 7.8.
The net N mineralization values were approximately 2 times
“higher in the more alkaline g0il. The soil pH wasn’'t the
only factor accounting for this difference. Organic N
content was 3 times higher and c¢ation exchange capacity
(CEC) was 4 times higher in the alkaline soil than in the
acidic soil. As the organic W content of sludge increases,
the N mineralization potential of soil increases. High
organic matter content and CEC mean high buffering capacity,
which could decrease the adverse effects of sludge salinity
énd are also well-correlated with high microbial
populations.

Sludges with high organic N content can increase soil
PE. Hattori (1988} treated an acidic soil with sludges
raﬁging in pH from 5.3 to 9.0, at rates up 100 Mg ha™. Net
N mineralization values were much higher in sludge with the
lowest pH than in any o;her sludge, independent of sludge
application rate. However; ﬁhe organic N content of the ﬁost

acidic sludge was approximately 2 to 6 times higher than
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that of other sludges. The rapid initial NH;' release in
this sludge amendment caused NH; volatilization which
increased the soil PH up to 8.0.

Seil watér potential in the range of -0.06 bar to
~0.66 bar has little effect on N mine;alization in sludge
treated soils {(Figure 19). Hsieh et al. {1981b) noted that
there wasn’'t a significant difference in N mineralization
potential of sludge amended soils when soil water potentials
. were at -0.06 and -0.33 bar. After 2 weeks of incubation,
NO;"-N + NO;"-N content of the samples increased at -0.33 bar
- but decreased at -0.06 bar. The change was proportional to
the sludge application rate. This éuggests that
~denitrification ocecurs at 0.06 bar, since there was
considerablerunacccunted N as measured by the differgnce
between net organic N loss and net inorgani¢ N gain. There
was also unaccounted N at 0.33 bar, which could only be
explained by loés of N via denitfification gince NH; logses

from treatments weren’t significant.

The temperature quotient of sludge organic N
mineralization is approximately 2.0 at temperatures ranging
from 20 °%C to 35 % (Figure 20). The temperature quotient of
mnitrification in sludge amended soil should also be close to
2.0. Terry et al. (1981) determined that a 10 °c incfease in
Lemperature increased nitrification approximately 2 fold.

After 14 days of incubation, 22 % of the NH-N added by
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sludge nitrified at 15 °C, 54 % nitrified at 21 %, and 92 %
nitrified at 30 °C.

As sludge application rate increases net N
minerélization increases due to greater organic N addition
(Figure 21). However, as sludge application rate increases,
the % of organic N in sludge mineralized decreases. The
decrease in the % sludge organic N mineralization_is
probably related to sludge salinity and pH (Figure 22). Fine
. et al. (1989) observed that electrical conductivity (EC) in
ksoil increased up to 0.9 dsm™! when the sludge application
rate was 20 Mg ha™ and up to B dSm™ when the sludge
application rate was 200 Mg ha. The % organic N
mineralization in sluﬁge was approximately 40 and 24 % in
the 20 and 200 Mg ha’ sludgé treatments, respectively.

Tester and Parr.(1983) obsarved that the % organic N
‘mineralization in sludge at a 100 Mg ha application rate
was 15.0 % when sludge was leached prior to incubation and
- 3.4 % when sludge wasn’t leached. A 200 Mg ha? sludge
application rate resulted in 12.2 and 0.0 % organic N
mineralization in leached and unleached gludge treatments,
‘respectively. The large difference in % sludge N
mineralization between leached and unleached sludge
treatments when the application rate was the same and, the
small difference between the leached sludge treatments at

two different application rates, suggest that inhibition was



54

"Atearipedssa ‘sucTieaIesqo Jo dBqUMU pue UOTIRTASD pPIABRPURIS T Jjussoldex

U pue -Ieq JIoixy ‘peZiTeasuluw N—_fON + N—_20N + N-,"HN $® ST UOTJRZTTRISUTN N 38N “{066T)

. swtg {{eL6T) "Te 35 wehd !(g86T) uweAnBN pue ®qQ £ (PSET) Seuspie) pue mﬁew@nﬂﬂ ‘{z661)
T® 39 Uoa9T ! (qT86T) °"T® 3® USTSH ‘(986T) T 3@ neied !(gLeT) "I° 3® ureysdg Ewnw vleq

ATMQ Bw) =3ey uvotjentTddy #BpnIs

{0ST-00T1 {o0T~5L] | [sL-05] : [05-52] fgz-0]

06 =
o
m.. tt
g 2
001
W
@, o
"o
- 0ST  m R
0 k-
e N
= o
~—
e
oot Q
mﬂ.
L
gg=u + o5z

| T egex
.—. .
uoTyeoTTdde 20pnie pue VOTIRZTTeIdUTU N J9u uoamilsq dTYSUOTIRTSX oyl *ig 2anbTyg



55

*AreATioedsex

SUOTIBAISS(O FO ISUUMU PUeR UOTIRTASP pIepuess T jussoadar u pu®R I1eq Io0i1xH “{Q066T)

SWTs f{ELET) "T® 3° uedy !(gZgeT} uUeAnbN pue BqO {(PB6T) Swuapie) pue ULWSPUTT ! (Z66T)

TT® 38 UdaeT Y (qr8eT) “Te 1° USTSH ! (986T) T 3© NEIeD ! (GLET) "Te 3@ ursjysdg woxy ejeqg |

(,.84 6W) ®1e¥ uoTIROTTAdY S6PNTS

[0sT-0011] _ foot-sL] [64-0%] [og-5¢Z] fsg-0]

{pezTTexUTW N oTURBIO abpnis %)
abpnts ur UOTIRETTRISUTH N %

L 05

_ . ", @9Ba uoTjeortdde
obpnTs pue UOTIRZTITRISUIW [ DTuebro abpnis g useamilaq dTYysuoTieTsr ayl ‘g @anbtg



56

salinity related. More iﬁportantly,'as sludge rate
increased, the adverse effects of sludge salts on N
mineralization increased. This is apparent in that as
unleached sludge rate increased, the % organic sludge N
mineralization decreased.

Hattori (1988) found that the % organic N
mineralization was higher at 20 Mg ha™ than at 100 Mg ha™t.
"After 2 months of incubation, the pH levels decréased Eo
. approximately 6.5 and 5.0 in the 20 and 100 Mg ha™
treatments, respectively. As the sludge application rate
increases, N miperalization and nitrification potential
increase. Nitrification is an acidifying processg.
Consequently, as nitrification increases, the soil will
-become more acidic and less suitable for microbial activity.

Although numerous studies have dealt with N
mineralization in sludge-treated soil, only a few gtudies
have assessed N mineralization in fly ash-LSR trested soil.
Cervelli et al. (1987) determined that the effects of fly
‘ash-LSR on net N mineraiization in so0il depended on the fly
ash-~LSR pH and the soil buffering capacity. For example, net
N mineralization in an acid soil increased with amendment of
a fly ash-LSR with a pH of 11.0, but decreased with
amendment of a fly ash-LSR with a pH of 12.5.-The former fly
ash-LSR péobably-created more optimum pH levels in soil than

the latter. When fly ash-LSR was added to 2 goils, initial
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soil pH levels were approximately 7.0. The soil pH increased
to 8.7 in the poorly buffered soil and only up to 7.4 in the
well buffered soil. Net N mineralization increased in the
well buffered soil and didn’t change in the poorly buffered
soil. Net N mineralization in the well.buffered so0il
increased, asg fly ash-LSR application rate increased from 40
to 200 Mg ha'l. Buffering capacity of soil is one important
factor affecting the net N mineralization in fly ash-LSR

. amended soil.

In a follow up study, Cervelli et al. {1980} reported
‘that addition of an alkaline fly ash-LSR at rates up to 60
Mg ha™ to an acid soil previously amended with urea didn‘t
affect net N mineralization.

To summarize, there have been many studies on_C and N
mineralization in sludge amended soils. In contrast, only a
few studies have assessed C and N mineralization in fly ash-
LSR treated séils. Even fewer étudies have focused on soils
amended with both sludge and £ly ash-LSR.

Total C and N mineralization tend to increase as sludge
application rate increases. In contrast, they usually
decrease as fresh fly ash-LSR rates increase. Little
‘information exists on whether total € and N mineralization
increase when both sludge and weathered £ly aéh-LSR are

applied at increasing rates. The two wastes combined may
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suppress microbial activity in soil and decrease total
mineralization in soil.

Organic C and N mineralization in sludge, expressed as
percentage of added organic C and N, decreases as the sludge
application rate increases. In other words, the more sludge
added, the less efficient the microbial utilization of
sludge organic C and N. The most efficient % organic sludge
C and N mineralization would probably occur at the lowest
. 8ludge application rate. The fly ash-LSR amendment may
affect sludge mineralization. The nature and extent of this
‘effect is unknown particularly when a weatherea fly ash-LSR
is used.

The following questions remain unclear.r

1. Do sludge and fly agh-LSR increase ¢ and N

| mineralization from the aménded s01l?
2. What are the sludge and fly ash-~LSR rates that
maximize total C and N mineralization?
3. Is there a synergistic effect of fly ash-1.SR on

sludge mineralization?



CHAPTER THREE: CARBON MINERALIZATION IN
w

SLUDGE AND FLY ASH-LSR TREATED SOILS

INTRODUCTION

Many studies have dealt with sludge C mineralization in
goil. These studies have described the effects of sludge and
's0il properties, and environmental conditions such as
temperature. They have also shown that as sludge application
‘rate increased, total C mineralization in sludge amended
soil increased. Whether this relationship holds true for
unlimitedvapplication rates is unclear. In other words, does
the C mineralization rate increase regardless of how'much
- 8ludge is adde&? Does. it become constant beyond an
application rate that can defined as a sludge loading rate
rfor C mineralization?

Few studies have assessed C mineralization in fly ash-
‘LSR treated soil. These studies found that unweathered fly
agsh-LSR decreased total C mineralization in £fly ash-LSR-
amended soil. Weathering processes remove salinity énd the
toxicity of B, and neutralize alkalinity in fly ash-LSR.
Therefore, weathered fly ash-LSR should have little effect,
if any, on total C mineralization. However, there isn’t
information concerning the effects of weathéred fly ash-LSR

on € mineralization in soil.

39
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Carbon mineralization in sludge ang fly ash-LSR treated
soil has received little research attention. However,
applying the two wastes together may have some advantages
over applying them independently. For example, sludge
provides organic ¢ for soil microorganisms and Ely ash—LSR
can neutralize acid soils. In this case, each waste can have
a positive effect on C mineralization in the amended soil.

Consequently, thig study addresses the foll§wing
‘questions by using fly ash-LSR and sludge application rates
ranging from 0 to 135 Mg ha™t. ‘

1. What is ghe sludge loading rate that maximizes total

C mineralization in the amended soil?
2.)What is the f£ly ash-LSR loading rate with regard to
C mineralization?

3. Does fly ash-LSR affect the sludge loading rate?
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| MATERIALS AND METHODS
Soil

The soil used in the incubations was a Pembroke silt (a
fine silty, mixed, mesic Mollic Paleudalf) from a research
site at the experimental farm of Western Kentucky
University, Bowling Green, KY. Some chemical properties of
the soil are given in Table 3.

Bulk soil samples were collected on 7 December 1994 to
a depth of 15 cm. They were placed into 19 L plastic |
containers which were sealed with plastic lids before being
transported to a greenhouse in Lexington, KY. The samples
' were stored without refrigeration in the greenhogse until 28
- November 1995 when they were crushed through a 1 cm metal
sieve and air dried for 1 week. Dried soil samples were
returhed to their original containers and stored a further 3
months in the greenhouse. They were sieved through a 2 mm
metal sieve before use.
Sludge

I used aerobically digested sludge from Bowling Green
Municipal Utilities, Bowling Green, KY. It was mixed with a
polymer and passed through a mechanical dewatering press in
the treatment plant to reduce its water content, Since the
'polymef content of sludge was approximately 0.05 %, the
effect of this polymer on sludge decomposition in soil

should be insignificant, but this wasn't tested. The sludge



Table 3. Selected properties of soil, sludge, and fly ash-
LSR after air-drying.

Constituent Sovil Sludge Fly Ash-LSR
o 7.5 ~ 7.1 , 7.8
CEC {(meg 100 g% 15 ND ND
'EC {dS m™) 1.25 7.38 2.45
BS (meg 100 g™ 97.8 ND ND
Total C (%) 1.8 24.8 0.58
Total N (%) 0.22 2.88 0
NH-N (mg kg™) 51 4750 ND
NO3*-N (mg kg™2) 154 656 ND
NO:"-N (mg kg™) 0 0 ND
Total P (%) - <0.002 2.41 <0.0089
Total X (mg kg™) 32 ND ND
Total Ca (mg kg™) 290 ND ND
Total Mg (mg kg™t)} 25 ND ND
Total S (%) ND 0.15 15,65
Metals (mg kg™)

cd ‘ 0.4 0.3 0.6

Cr 0 0 2

Ni 0.7 14.5 0.4

Pb 8 8 4

Cu 4 6 7

Mo 0.1 0.1 3.1

7n 8 22 18

B <0.05 <0.02 50
Texture (%)

- Sand 6.86 ND ND

.8ilt ) 67.91 ND ND

Clay 25.22 ND ND
WHC! (%) 33 ND ND

' water holding capacity is given as % gravimetric water
content.
ND = Not determined.
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was transported to the field where it was stored as a mass
beneath a plastic cover for 4 months before sample
collection. Some chemical properties of the sludge are given
in Table 3.

The sludge was sampled on 27 April 1995. The samples
were removed in bulk from the sludge mass and placed into 19
: L plastic containers that were sealed with plastic lids
before being transported to the greenhouse. The sludge was
stored without :efrigeration in the greenhouse for 9 months.
It was air dried for 1 week, ground with a mechanical nixer,
and passed through a 2 mm metal sieve before use.

Fly Ash-LSR {Limestone Scrubber Residue)

The fly ash-LSR was deposited in a pond at the Paradise
Power Generation Plant, Drakesboro, KY. It was transported -
to the field where it was stored as a mass beneath a plastic
cover for 2 months before sample collection. Some chemical
properties of the fly ash-LSR are given in Table 3. |

The £ly ash~LSR was sampled on 7 December 1954. Bulk
samples were removed from the fly ash-LSR mass and placed
intoc 19 L plastic containers that were sealed, and
transported to the greenhouse. The fly ash-LSR was stored
without refrigeration in the greenhouse for 13 months, It
was air dried for 1 week and sieved through a 2 mm metal

sieve hefore use.



64

Experimental Design

Ailr dried sludge and fly ash-I.SR were added to soil
according to a complete factorial design with two factors:
sludge addition and fly ash-LSR addition. Five rates were
enployed both for fly ash-LSR and sludge. These rates were
0, 2.5, 7.5, 22.5, and 67.5 g kg™ soil (approximately
corresponding to 0, 5, 15, 45, and 135 Mg ha™ field

application rates, respectively). The total number of
treatments was 25 (5 sludge amendments X 5 fly ash-LSR

amendments) .

A 200 g batch of dry soil was combined with dried
sludge, and‘fly ash-LSR at the chosen rates and nixed for 5
min in a mechanical mixer,. and placed into soil sampling
bags. Each bag contaiﬁed.approximately 50 g of amended soil.
A 20 % gravimetric water content in the samples was obtained
by adding distilled water to the bags which were well mixed
afterwards. The 20 % gravimetric water content corresponded
to 60 % water filled pore space in untrsated soil. addition
of sludge and fly ash-LSR, particularly at high rates, might
have altered the percent of water filled pore space in the
mixtures, but this wasn't measured. Each treated soil was
placed into a 500 mL mason jar. The jar was sealed with a
gas~tight metal 1lid penetrated by a butyl rubber stopper and
incubated at 35 °C for 28 days. The initial water content

was maintained by spraying distilled water onte the
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incubating solls, as determined by periodically weighing the
jars. Three séparate incubations were performed for this
study, which was necessitated by the availability of mason
ja:S'and the effort reguired to conduct analyses. There were
14 day intervals between incubations. The total study lasted
for 56 daye. The incubations were offset in this manner to
optimize ;he time available for €0, measurements on a given
sampling day.

. Carbon Dioxide and Oxygen Measurements

A 1 mL gas-tight tuberculin syringe was used to sample

the headspace of the jars. Gas samples were taken at 1 day
intervals for the first 6 days and at 2 to 5 day intervals
for the rémainder of the incubation. The mason ﬁars ware
\vented for approximately 5 minutes after each sampling
period. This sampling procedure ensured that 0g
concentrations in the jars remained above 10 %‘for the most
of the incubation.

Gas samples were injected into a Varian 3700 gas
chromatograph with & thermal conductivity detector (TCD)
operated at 120 °C and a filament temperature of 140 °C. The
carrier gas was Helium (He) with a flow rate of 20 nL min™t,
Measurements were made for CO; in all incubations, and for
O; in the first incubation only. A2 m Porapak Q column at a

temperature of 60 °C was_uéed for CO; analysis. A 2 m

molecular sieve 5A columm in line with the Porapak @ column
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(also at a temperature of 60 °C) was used for 0, analysis.
Carbon dioxide and 0; concentrations were determined by
measuring machine response to CO; and 0; in samples and
comparing these to the machine response to CO: and O,

standards of known concentration.

Statistical Analysis

Studies have described sludge decomposition. by first-

order kinetics and used exponential models to describe it
. {Hsieh et al., 198la; Lerch et al., 1992). In the current
study, an exponential function, Y = a ln(x}) + t, begt
described the relationship between carbon mineralizaton rate
(y) and time (t). This function was applied to each sample.
Coefficients 2 and intercepts ¢ were determined for each
treatment. These values were analyzed by using & randomized
complete block design having 3 blocks {incubations). The
treatment structure was fgctorial (5 sludge rate x 5 fly
ash-LSR rate). The same design was used for the statistiecal
analysis of total C mineralization values. The ANOVA tables
are given in Appendix 1.

Analyses of Soil, Sludge, and Fly Ash-1.8SR

Air dried and sieved materials (soil, sludge and fly

ash-LSR) were given to the Regulatory Services soil testing
laboratory at the University of Kentucky for physical and
chemical analyses. Only inocrganic N {NO, -N, NO; -N, and NH,*-

N) and soil water holding capacity were measured in
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laboratories of the University of Kentucky, Agronomy
Department.

The following standard methods were used for chemical
and physical analyses of the materials: PH by water (1:1
soil:water slurry); Cation Exchange Capacity (CEC) and Base
Saturation (BS) by ammonium acetate extraction (1 N angd
pH=7); Electrical Conductivity (EC) by water saturation
extract; Total C by wet combustion; Total N by combustion:
Ammonium (NH,'-N) by Berthelot reaction on a microplate |
reader; Nitrite (NO; -N) by Griess reaction on a microplate
reader; Nitrate (NO;"-N) by Griess reaction after cadmium
(Cd) reduction; Phosphorus (P), Potassium (XK), Calcium {Ca),
Magnesium (Mg), Sulfur (S) and Metals by Mehlich-III
extraction; Texture by pipette method; soil water holding
capacity by membréne apparatus. The specific protocols used
for the analyses at the regulatory services laboratory were

" not obtained.
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' RESULTS AND DISCUSSION
Total C Mineralization

Oxygen ccncentrations in the mason jars were always
above 10 % with the exception of day 1 in the 45 and 135 Mg
ha™ sludge treatments. A 10 & 0; concentration should have
been sufficient to maintain aerobic sludge decomposition in
soll. Oxygen was measured only in incubation 1.

Total carbon mineralization from soils treated with
- sludge and fly ash-LSR for the 30 day incubation are given
in Figure 23. With one exception, as sludge rate increased,
total C mineralization increased, rising frém 770 mg CO,-C
'kg™* soil in the treatments without sludge to 3810 mg CO,-C
kg™ soil in the highest éludge'application rate (135 Mg
ha™). The increase in total ¢ mineralization, as sludge
application rate incre&sed was significant
(P > .05) and comparable to the total C mineralization
‘observed in other studies (Figure 24). Fly ash-LSR @idn’t
affect C mineralization. The ANOVA table is given in
Appendix 1.

The total C mineralization values I measured are
gimilar to results from a study that also used aﬁ
aerobically digested sludge (Figure 24}. However, there is
mnot enough data to guggest that C mineralization values will
_always be similar when sludge is aerobically &igested’ Some

wastewater treatment plants add chemicals to sludge,
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including lime [Ca(OH);], alum [Al2{80),]), and ferric
chloride [FeCli] to flocculate and condition sludge, or to
remove P from the sffluent (Tegter and Parr, 19583). These
chemicals increase,éalinity in sludge and soil amended with
such sludges. Carbon mineralization in soil is higher when
this salinity is removed from the sludge (Tester and Parr,
1883).

The method of sludge treatment is enly one factor that
- affects sludge chemical composition. The chemical
" composition of sludges may greatly vary, even if sludges
were stabllized by the same method. Other factors affecting
sludge composition include the extent and nature of
industrialization in the sanitary district and the seasonal
variability of wastewater entering thé wastewater treatment
facility (Sommers et al., 1576).

Tester et al. (1979) found significant differences in
total C mineralization in soil treated with 2 composted
Vsludge's fractions, ranging in size <6 mm, 1 to 6 mm, and <1
‘mm, Although sludge application rate was the same in the
treatments, ¢ content varied. The highest C content and C
‘mineralization were in soil treated with sludge fractions 1
to 6 mm in size, followed by those <6 mm and <1 mm iﬁ gize.
Bulking agent {woodchips) in the compost probably has little
-effect on C mineralization since: a) most of the bulking

agent (woodchips) was removed when sludge was screened
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through 6 mm sieve; b} the % C mineralization of sludge were
similar in the treatments, indicating that availability of ¢
wasn't affected by the different sludge size fractions. .
Tester et al. (1979) didn‘t note why C content differed in
different sized fractions.

My study and Hsieh et al. ({198la) sieved aerobically
digested sludges through 2 and 6 mm sieves, respectively,
and found similar total C mineralization valueg. However,
Hsieh et al.’s (1981a) sludée had approximately 22.0 % more
C than my study. The particle size of sludge seems to affect
. C mineralization, however, the nature of this effect for
different types of sludge has vet to be identified.

Splitting the incubations led to significan£
differences among jncubations (p > .05). The mean total C
mineraiization values were 1600, 1800, and 1700 mg kg™ in
incubationg 1, 2, and 3, respectively. Incubation effects
might be dﬁe to temperature fluctuations during the
incubations. Prior to the experiment, the temperature inside
" the incubaﬁor ranged from 30 to 35 °C within a week. It
wasn’'t recorded during the incubations.

The effect of different fiy ash-LSR rates on C
mineralization wasn’t significant. Previous studies
indicated that total C mineralization decreases in soil
" amended with unweathered fly ash-LSR having extreme pH

levels (such as 5 and 12) (Pichtel, 1990} or high heavy
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metal contents {such as 1,000 ppm Zn) (Arthur et al., 1984).
The inhibition of respiration was more apparent in these
studies when application rates were above 200 Mg ha and
s0il had low buffering capacity due to low cation exchange
* capacity and organic matter. Scils with high buffering
capacities appear to be preferable for fly ash-LSR disgposal
since adverse effects of fly ash-LSR (such as increased
alkalinity and more salt), if any, will be less in highly
. buffered soils than in poorly buffered soils.

Unlike Pichtel (1990) and Arthur et al. (1984), Ty
- study used a fly ash-LSR with a neutral pH, low heavy metal
contents, and a soil having relatively high buffering
capacity {Tablé 3). In addition, the application rates were
lower in the current study than those in Pichtel {1990) and
Arthur et al. (1984) works. Consequently, this fly ash-LSR
‘up to 135 Mg ha™ can be applied to s0il as a means of waste
disposal, without any appearent effect on C mineralization.

Priming Action of Sludge

An attempt was made to estimate the effect of sludge
addition on the decomposition rate of native soil organié
matter using Hsish et al.‘s (198l1a) procedures. They
suggested that a linear regression model for the
relationship betweeﬁ sludge application rate (x) and total C

mineralization in sludge amended soil (y) estimates priming
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action in sludge treated soil, when the regression model is
extrapolated for x=0 {Figure 25).

The priming ratioc is the ratio of total CO:-C for the 0
Mg ha™ sludge rate, estimated by the regression to total
CO;~C measured from the non-treated soil {Figure 25). The
priming ratic in this study was 1.3, that is, sludge
addition enhanced native organie C decomposition in soil by
. approximately 30 %. This ratio is close to that of the
aerobically digested sludge, and higher than that of the
anaercbically digested sludge studied by Hsieh et al.
{1981a}. This implies that aerobically digested sludges have
similar priming effects, which exceed thgsé of anaerobically
digested sludges. Probably this ig because anaercbically
digested sludges havg more lignin than aerobically digested
sludges.,

Determining the priming action in such a way has a
major flaw. It assumes that the priming action at each
sludge application rate is the same. However, as sludge
. epplication rate increases, labile organic matter and,
therefpre the priming action in the soil, should also
increase. For example, Degens and Sparling (1996) found that
priming ratios were approximately 1.3 and 1.7 in glucose
amended soils when glucose was added at rates of 615 and

2457 ng C g™ soil, respectively.
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Since the measurement of priming action relies on a
regression model, the regression model only suggests that
© Priming occurs in sludge treated soil. The priming action
can be determined more accurately by the use of C tracers..
Térry et al. {1979) quantified the CO. evolution due to
priming action in a study that used anaerobically digested
sludge labeled with **C . They determined that the priming
ratio ranged from 1.4 to 2.3 in different soils treated with
sludge at 22 Mg ha™. These values are higher than in my
study. Since the organic C content of the soils and sludges
used in the my study and Terry et al.‘'s {1979) ﬁork were
similar, I may have underestimated the priming ratio by
employving a regression model. |
. Parcent C Mineralization in Sludge

Approximately 2, 26, 24, and 17 % of the organic carbon
in sludge evolved as CO;-C in the 5, 15, 45, and 135 Mg ha!
sludge treatments, respectively. These percéntages were
found by Equation 1.

POCM = (T ~ C)/ AOCS {11

Where POCM= The % of organic sludge C mineralized, 7=
Total C mineralization in treated soil (mg CO,-C kg™ soil),
C= Total C mineralization in soil without sludge {mg CO, kg™
soil), and AOCS= Added organic C by sludge {mg C kg™'). The
difference between T and C is equal to carbon mineralization

. by sludge + priming action. Therefore, the percentagés given
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include not only organic C mineralization from sludge, but
also mineralization From soll due to priming effect of
sludge.

There are 2 explanations fﬁr the low % C mineralization
in the 5 Mg ha™ sludge treatment. First, priming action in
this treatment was expected to be low. Degens and Sparling
{1996} found a positiverrelationship betweén the amount of
glucose added to souil and the priming ratio. I didn’t
determine the soluble sugar content of my sludge, the
soluble sugars, including glucose, are one important pool of
substrate ¢ in sludge (Hattori and Mukai, 1986; Rebhun and
Manka, 1871; Schaumberg et al., 1980). Second, in the 5 Mg
ha™ sludge treatment, organic¢ C in soil was approximately 3
times higher than that added by sludge. Consequently, the
CO; analysis probablf wasn’t sensitive enough to
differentiate the differences in C0; attributable to soil
and sludge in this treatment.

The moét efficient C mineralization occurred at the 15
Mg ha™ sludge rate. This treatment maximized CO; evolution
per unit of sludge (Figure 26). The percent C mineralization .
in sludge decreased as sludge application rate increased
beyond 15 Mg ha™. These decreases may be related to
salinity in the treatments, since, as éludge rate increases

galinity should increase.
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Electrical conductivity values (EC) weren’'t measured in
my study, but others did in comparable studies. Fine et al.
{1989} determined that electrical conductivity (EQ) valﬁes
in sludge-aﬁended soil increased as sludge application rate
increased during a 30 day incubation. The EC increaged from
C.6 to 0.7 dSm™ when sludge application rate was 20 Mg ha™.
Tt increased from 2.0 to 8.0 dSm™ when sludge rate was 200
Mg ha™. pichtel (1990) amended soil with an EC of 0.07 dsm™
with a sludge having an EC of 5.8 dSm™ at a rate of 100 Mg
ha™. Electrical conductivity in amended soil increased up
to 503 dsm™ after 42 days of incubation. Although EC wasn’t
measured, I calgulated initial EC values by using EC of soil
and sludge, and the dilution factor by sludge amendment,
They range from 1.25 dSm™ in soil without sludge to 1.80
dsm in the highest sludge treatment (135 Mg ha™).

The % C mineralization in sludge, like total ¢
mineralization, was similar to a comparable aerobically
digested sludge and both were higher than-anaerobically
digested sludges (Figure 26). Anaerobically digested sludges
tend to have yesistant forms of organic C, resulting in less
C mineralization when they are applied to scil) than when
aerobically digested sludges are soil applied.

- Additional sludge had little effect on the & C
mineralization in anaercbically digested sludges (Figuré

28) . This further indicates that anaerobically digested
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sludges are well stabilized and have more resigtant
compounds .

Pattern of C-Mineralization During the Incubations

The'relationship between time and mean carhon
mineralization rates in the sludge treatments are shown in
Figures 27, 28, and 29, representing incubations 1, 2, and
3, respectively. Carbon mineralization rates were high at
the beginning of the incubation due to redistribution of
so0il organic matter by sieving (Beare et al., 1994; Ross et
al., 1985), labile organic carbon addition by sludge
{Hattori, 1988; Hsieh et al., 1981a; Neilson and Pépper,
1990; Terry et al., 1979) and suitable water and temperature
regimes for microbial growth (Blet-Charaudeau et al., 1990},

Respiration rates typically declined for 2 weeks and
stayed relatively constant thereafter (Figure 27 to 29).
hsimilar trends were also observed in previous sludge studies
({Hattori, 1988; Hsieh et al, 198la; Terry et al., 1979). The
trend in this study is closest to that of Hsieh et al.
{(1981a), who used aerobically digested sludge. This pattern
suggests that labile organic ¢ in sludge degrades first ang
then more resistant organic C decomposes at slower rates.

Sludge decompogition in soil has been described by
first-order models (Gilmour et al., 199%6a; Gilmour et aj.
"1996b; Gilmour and Gilﬁour,-lQBO; Lerch et al., 1992; Terry

et al., 1979). These models assume that there are two
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organic fractions in sludge: rapidly and slowly decomposable
organic pools. Depending on whether these two fractions
decompose independentlyrpf each other one can use two
different first order decomposition models (Gilmour et al;,
19%6k), In the simultaneoﬁs decomposition model, rapidly‘and
slowly decomposable organic fractions are assumed to
decompose simultaneously and independently of each other
(Bgquation 2).

POCM = % Rapid [1 - exp(-k.t)] + (100 - % Rapid)

[1 - exp(-kst)] £2)

Where POCM is the % of organic sludge C mineralized, %
Rapid is the amount of sludge organic C in the rapidly
decomposable fraction, t is time, and k, and ke are'the rate
constants for rapidly and slowly decomposable fractions,
respectively.

In the sequential model, decﬁmposition of the slowly
decomposable fraction begins after the rapidly decomposable
organic fraction mineralizes completely. Therefore, this
model hag 2 equatibns describing rapid (Bquation 3) and slow

(Equation 4) decomposition phases.

POCM = 100 [1 - exp(-Kete)] {33

POCM (100 - % Rapid} {1 - expl-ke(t~t;}]} {41

Where POCM, % rapid. ke, and k, were as described in
Equation 2, and t. is the period of decomposition of the

rapid fraction.
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Gilmour et al. (1996b) found higher correlations
between the % decomposition at 7 days and % rapid fraction
- in the sequential model compared to a simultaneous model.
Thus, they used a sequential model dfiven from Equationg 3
and 4 to predict long-term decomposition (EquationIS).

POCM = % Rapid + (100 - % Rapid)

(1 - expl-ke X (t - t;}]) | [5]

Gilmour et al. (1996b) found a high corrélation
(R =0.76) between predicted values and observed values for
’ incubations longer than 60 days from their study and studiesg
by Clark and Gilmour. (1983), Lerch et al. (1992), and Terry
et.al. (1979) . However, in allithese studies, sludge '
application rates were low, within the range of 8 to 20 Mg
ha™. Whether this model can estimate % decomposition
correctly when the sludge rate is higher than 20 Mg ha™ ig
unknowr . |

I employed a much simpler model than Gilmour et al.'s
(1296b) models, using an exponential function (Equation §),
-similar to that of Terry et al. (1979),‘to describe the
relationship between time and sludge decomposition‘rate.

CMR = a [1n (t)] + ¢ | [6]

Where CMR ig carbon mineralization rate at time t, and
a and c are constants that are specific to each treatment.

This function best described the relationship between

time and carbon mineralization rate in the treatments. The
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R’ values for these regression ranged from 0.78 to 0.93. As
sludge rate increased R? values increased. Regression lines
of the sludge treatments in incubation 1 are given in Figure
30Q. /

Unlike Gilmour et al. {(1996b), the extrapolation of
this function for time exceeding the period of incubation
would have limited meaning. However, the purpose of this
" model wasn’t to estimate total C mineralization for long
term incubations. This model was déveloped because a) the
statistical analysis couldn’t be performed since the
- sampling days differed in the incubationg, so it'was done by
using 2 and ¢ values in a randomized block design; b) the
greater the a, the greater the overall rate of C
mineralization in the treatment. Therefore, the a values
were-used to estimate the sludge application rate maximizing
bthe C mineralization rate.

The statistical analysis showed that sludge amendment
significantly increased the absolute values of & and ¢
(P >.01). Fly ash-LSR had no effect, nor was there an
interaction between sludge and fly ash-LSR. The ANOVA table
is given in Appendix 1.

- Determination of Sludge Rate Maximizing Total C

Mineralization Rate

An attempt was made to determine the sludge rate that

maximized total C minsralization. The a values indicate how
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quickl? sludge will decompose in soil. An increase in a
indicates that the overall rate of sludge decomposition
increases. Based on this rationale, the mean a values for
 the sludge ratgs were pooled across fly ash-LSR rates and
plotted agaiﬁst sludge application rates. This plot best
lfitted a second degree polynomial model. :

Ya = -0.0041x% + 1.263x + 30.24 (R? = 0.99)
where y. = coefficient (a) and x= sludge rate (Mg ha™). The
.sludge application rate that maximized carben mineralization
rate was determined by taking the derivative of ya and

calculating (x)} in the derivative formula where

)

Ya = 0.
Ya. = -0.0082x + 1.263
¢ = -0.0082x + 1.263

X = 154 Mgrsludge ha™,



BS

CONCLUSIONS

Fly ash-LSR with a neutral pH and low salinity didn’'t
affect ¢ mineralization. Weathering probably neutralizea
alkalinity and lowered salinity in fly ash?LSR,

Congecuently, £ly ash-L8R with a neutral pH and low salinity
can be applied to soil at rates up to 135 Mg ha' without
affecting C mineralization in soil amended with and without
sludge. _

This study determined that the 15 Mg ha™ sludge
treatment maximized the % sludge decomposition. However,
more than 10 times as muéh sludge (154 Mg ha™) could be
applied to reach a sludge application rate that maximized ¢
mineralization. |

Consequently, sludge at a rate of 154 Mg ha? could be
applied to soil though there would be little reason to do so
if the sludge is used to deliver additional agronomic
nutrients. These high rates could‘create environmental
problems such as NO:~ contamination of groundwater via
enhanced nitrification, if the rates of sludge N
“mineralization were rapid. Therefore, sludge N
mineralization, a process which provides substrate for
nitrification, is another concern in sludge management, even
at low application rates. I addressed sludge N

mineralizatioen in the following chapter.



CHAPTER FOUR: NITROGEN MINERALIZATION IN

SLUDGE AND FLY ASH-LSR TREATED SOIL

INTRODUCTTON

Many studies have dealt with N mineralization in sludge
treated soils. These studies showed that sludge N
mineralization is a function of sludge and soil pPropertieg,
and environmental conditions. They alsoc noted that the
.greater the sludge rate, the higher the net N
.mineralization. However, this relationship may not hold true
'for high sludge rates.

Rapid sludge N mineralization produces NH,*, a
substrate for nitrification. Nitrite is an intermediate
product of nitrification. Usually, once NO;” is formed it ig
guickly oxidized to NO;”. However, Terry et al. {1981)
reported a transient NO,” accumulation in a gludge treated
soil, which is an indication of suppression in
nitrification. The mechanism of this inhibition isn’t well
documented,

There have been only a few studies on N mineralization
.in golil treated with sludge and fresh fly ash-LSR
combinations. Effects of weatherad fly ash-LSR on N
mineralization haven't been determined. To investigate this,

I used fly ash-LSR rates of 0, 45, and 135 Mg ha™l.

90
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Conseqguently, this study addresses the following
questions using sludge and fly ash-LSR application ratag
. ranging from 0 to 270 Mg ha™.
1. Does fly ash-LSR affect sludge N mineralization in
the amended soil?

2. Is there a synergistic effect of fly ash-LSR on

sludge mineralization?
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MATERIALS AND METHODS
Materials

The source, sampling dates, and handling of soil,
sludge, and fly ash-LSR were the same as that for the C

mineralization study.

Incubation Design

Air dried sludge and fly ash-LSR were added to =oil
according to a complete Ffactorial design with two factors:
sludge addition and fly ash-LSR addition. The sludge
amendments were at rates of 0, 22.5, 45.0, 67.5, and 135.0 o
kg™ soil. The fly ash-LSR amendments were at rates of 0,
22.5, and 67.5 g kg™ soil. The rates of 0, 22.5, 45.0,
67:5, and 135.0 g kg™ soil correspond approximately to
field application rates of 0, 45, 90, 135, and 270 Mg ha™l,
respectively. Field application rates will be used to
describe the treatments.

Soil batches weighing 1050 g were mixed with giudge and
fly ash-LSR at the chosen rates for 5 minutes in a
mechanical mixer, placed in é plastic box, and amended with
distilled water until each soil was ar 20 % gravimetric
water content. Then approximately 50 g of soil from each
treatment was placed into each of 21 gas permeable plastic
soil sampling bags. The bags were closed and incubated at 32

+ 3 % for 45 days, The initial water content of the samples
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was maintained by spraying distilled water onto the soil
samples in the bags. |
] Three bags were removed randomly from eadh_treatment at
0, 2, 4, 6, 15, 30, and 45 da?s of incubation for
NH, N, NO;"-N, and NC;"-N analysis. One molar potassium
chloride (RCL) was used to extract exchangable inorganic
nitrogen from the samples. Enough extractant {usually 15¢
mL) was poured into the bags to bring the extractant/soil
ratio to 3:1 {w:w). The bags were ghaken on a mechanical
shaker at a slow speed for 30 minutes. Fifteen minutes after
shaking, each sample was filtered through Whatman no. 1
filter paper and an aliquot was collected in an acid-washed
gcintillation vial. The vials were capped and stored in a
freezer at 0 °C until analysis. The storage time was 1 to 3
months,
Ammonium Analysis

Ammonium concentrations were determined
colorimetrically with a microplate reader after use of the
- Berthelot reaction (Kempers, 1974) ., when NH,* reacts witﬁ
alkaline phenol, hypochlorite, and nitroprusside, it forms a
blue color characteristic of indophenol. The response of the
microplate reader to the samples was measured by absorbance
and compared to that of standards.

The gamples were diluted 1:50 with distilled water

using a digital diluter. Twenty UL from each sample and
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calibration standard were dispensed into the cells of a
disﬁcsable microplate. One hundred UL of phenol-
nitroprusside reagent (1.13 mlL of 90 % liquefied phenol +
0.02 g sodium nitroprusside in 100 mL distilled water) was
. added to the microplate cells containing the samples,
followed by 3 to 5 min shaking in a vortex mixer. One
hundred PL of sodium hydroxide-hypochlorite reagent (0.5 g
sodium hydroxide + 0.8 mL of 5.25 % sodium hypochlorite in
100 mL distilled water) was added to each cell. The
microplate was shaken for 30 min. The plate was read for
" absorbance at 630 ﬁm on the microplate auto-reader- The
absorbance data were transferred to a computer that
calculated NH,'-N concentrations.
Nitrite Analysis

Nitrite concentrations were determined colorimetrically
by use of a microplate auto reader and the Griess reaction
{Keeney and Nelson, 1982). A pink to red color is formed
when nitrite reacts with an acidified solution of N-(1-
Naphthyl) ethylenediamine dihydrochloride (NED} and
sulfanilamide. The response of the microplate reader to
samples of different intensity was measured and compared
‘with those of standards.

The samples were diluted 1:50 with distilled water

using a digital diluter. Two hundred HL from each sample and
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calibration standafd were dispensed into the cells of a
disposable microplate. Fifty pL of combined color reagent
(100 L 1.0 % sulfanilamide in 3.0 N HCL + 100 mi 0.1 $ NED)
was added to the cells containing the samples. The
microplate was shaken in a vortex mixer for 5 min. The plate
was read for absorbance at 540 nm on the microplate auto-
reader. The absorbance data were transferred to a computer
that calculated NQ,-N concentrations.

Nitrate Analysis

Nitrate was analyzed using a Technicon auto-analyzer
system 2. The samples were diluted 1:50 with distilled water
by a digital diluter. Approximately 1 mL from each sample
and standards were dispensed into 5 mL sample tubes. The
~absorbance measured by the auto-analyzer for the samples was
recorded and compared to that of known concentrations,

A cadmium {C4A) column reduced NO;~ to NO;” before
analysis. Nitrite wag anaiyzed colorimetrically at 540 nm
using the Griess reaction as noted above {Keeney aﬁd Nelson,
1982) . Nitrate content was taken to be the difference in
NO; -N concentrations between the samples treated witﬁ and

without the Cd reduction column.

Total Nitrogen Analysis
Total nitrogen analyses were performed for the samples
at the beginning and end of the incubation. The samples were

‘analyzed by the micro-Kjeldahl procedure XY {Brersier and
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Mulvaney, 1982) at the College of Agriculture Regulatory
Services Laboratory, at the University of Kentucky,
Lexington.

Statigtical Analvysis

Statistical analysis of net N mineralization values wasg
performed based on a completely randomized design. The
treatment structure was factorial with 2 factors: sludge and
fly ash-LSR rates.

Statistical analysis of NH.-N, NO; -N, and NO; —N
concentrations were analyzed according to a completely
randomized design. This design had 3 treatment factors: 1.
sludge application rate; 2. fly ash-LSR application rate;

3. time. The ANOVA tables are given in Appendix 2,
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RESULTS AND DISCUSSION

Nitrogen Losses from the Samples

Total N contents of the treatments were lower at the
end of the incubation than at the beginning of the
incubation {Table 4). as sludge rate increased, on average,
unrecovered N increased, rising from 40 mg N kg™t soil in
the treatments without sludge to 600 mg N kg™ s0il in the
treatments with the highest sludge application rate {270 Mg
ha'). The total N lossg was .proportional to the initial
- total N content and the proportion was about the same for
all sludge treatments {Table'4). Most probably, N losses
occurred via NH; volatilization: and denitrification.
Although N losses via these‘processes weren't measured,
there was evidence that suggested both processes occurred
during the incubation.

There are two reasons to suggest that part of the N
loss occurred via NH; volatilization. First, the initial
NH,'-N content was positively related to total N loss
(Figure 31). In a neutral to alkaline environment, as
occurred in this study, as NH*-N content increases, NH;

' volatilization should increase. Second, NH,"-N contents
declined in all sludge treatments that were averaged across
fly ash-LSR treatments (Figures 33 to 36). The rate of NH,"
immobilization wasn’t likely to exceed the rate of N

mineralization, since there was net N mineralization in each
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treatment. This indicates that net N immobilization didn-’t
occur during the incubation.

Only nitrification could account for the decrease in
NH,"-N content, if NH, ﬁolatilization was assumed absent.
But, the net inerease in NO;"-N + NO;™-N accounts for only
39, 49, and 64 % of the net decrease in NH,"~-N content in
the 45, 90, and 135 Mg ha™ sludge treatments, respectively.
This percentage was 100 % in the 270 Mg ha-! sludge
Lreatment, suggesting that there was no NH; volatilization
in this treatment. However, the total N measurement showed
that the higheét N loss occurred in the 270 Mg ha™ sludge
treatment (Table 4). Some of the NH;-N lost via
volatilization could have been'replenished by mineralized-N
"in this treatment. This was ocbvious in that the NHKJN
concentration dropped initially, then increased somewhat
{Figure 36),

Volatilization of NH; is accompanied by an increase in
soil pH, but the increase in soil PH doesn‘t necessarily
have to be great for high NH; volatilization. For example,
‘Fine et al. (1989) determined that a rise of 0.6 pH unit
increase in a neutral soil, caused approxlmately 40 % of the
sludge mineralized-N to be lost wvia volatilization. Sludges
with high NH.,'-N content and mineralizable organic N, like
the one used by Fine et al. (1989), are subject to great Nu,

‘volatilization in sludge-amended soil (Premi and Cornfield,



106 -

1869%; Ryan and Keeney, 1975; Terry et al., 1878B). As the
application rate of such sludges increasges, volatilization
of NH; in amended soil increases (Fine et al., 1989).

Denmead et al. (1982) suggested that one can determine
NH; concentration in thé soil solution by the following
. equation.

[NH3)soluvion = [NH; + NHo*Jsorarion / 1 + 1010:09 * 2730/7-pRy

Where the concentrations of NH; and NH," are in g/m’,
and temperature (T) is in %K. In my study, tampergture wasg
35 °C (308 °K), and initial NH,"-N concentration in the-z'?o
Mg ha? sludge treatment was 720 mg kg™ (3600 g NH -N/m’ in
solution). The only unknown in this equation is so0il pH. In
the 270 Mg ha™ treatment, NH;-N concentration in solutioﬁ’
~was 70 mg kg if seil pH was 8.0, it was 260 mg kgl if soil
PH is 8.5, and 750 mg kg™ if soil pH was 9.0. To account
for most of the total N loss in the 270 Mg ha?, soil pa
. should be higher than 8.0.

Another N loss from the 45, 90, and 135 Mg ha™ sludge
treatments was decrease in the initial WO, -N concentratioﬁs
(Figures 33 to 36). On average, the NO;"—N concentration
decreased 70 mg kg™ in these treatments. Soil was the major
source of NOs~ in each treatment. The s0il had been stored
at field moisture in the gréenhouse for a year prior to

incubation, which led to nitrification.
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The 270 Mg ha™ sludge treatment had the lowest initial
NO;™-N concentration, compared to other sludge treatments
(Figures 33 to 36). But, the 270 Mg ha™ sludge treatment
should have had the highest initial NO: ~N concentration
since the sludge cbntained more NO; -N than soil (Table 1}.
in other words, the mcre the sludge is added, the higher the
NO{—N.concentration in a treatment. This could be an
artifact of the NO,™N analysis. An attempt to analyze NO: N
: in the tréatments failed because compound{s), prsbably
contained in the sludge, interfered with the cadmium
reduction column. The samples had to be diluted to measure
NOC;™-N concentrations again. But, even then, the initial NO,
~N levels were lowest in the 270 Mg ha™” sludge treatment.

The decrease in initial N65¥N in the 45, 90, and 135
Mg ha™’ sludge treatments can only be explained by -
denitrification. High NH'-N concentrations during the
incubation probably suppressed NO;"-N immobilization
{Betlach et al., 1981). Dissimilatory nitrate reduction to
ammonium wasn’t likely since NH,*-N concentrations in the
treatments, with the exception of 45 Mg ha™ sludee
treatment at day 2, didn’t increase as NO; ~N concentrations
decreased (Figures 33 to 36).

The rapid initial 0, consumption measured in the C
mineralization study suggested that anaerobic microsites

were created in soil, promoting denitrification. In this
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study, approximately 70 mg NOy™-N kg™! was loet, presumably
via denitrification, in the 90 and 135 Mg ha™ sludge
treatments within a few days (Figures 35 to 36). Less than
this amount was lost in the 45 Mg ha™! sludge treatment
within 2 weeks (Figure 33). The difference in time required
to denitrify approximately the same amount of NO; N
supports my microsite suggestion. As sludge rate increased,
the initial O; consumption and, therefore, the number of
microsites increased. The greater the number of micrositeg,
the higher the rate of denitrificatioﬁ should be in the

. soil.

Most probably, denitrification didn’t occuy later when
the substrate C consumption rate decreased (Figures 27 to
23) . NO;’™-N was either absent or was increasing {Pigures 33
to 36), and 0; concentrations were relatively high (data not
sho@n). Thexrefore, denitrifiéation should only have happened
earlier, and this would account for 22, 16, and 13 % of the
total N losses in the 45, 90, and 135 Mg ha™ sludge
treatmants.

Net N Minaralization

Hart et al. (1994) noted that net change in inerganic N
content during an incubation reflects net N mineralization.
This approach is most wvalid in the absence of plant
‘assimilation, ieaching, denitrification, and Nm,

velatilization. In the presence of these processes, the net
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change in the inorganic N pool will underestimate net N
mineralization.

In my study, nitrogen losses from soil by plant
assimilation and leaching were absent. However, NH,
volatilization and denitrification likely caused significant
N losses, although these weren’'t directly measured.
Therefore, I calculated net N mineralization in each
treatment as the difference in organic N content betweep the
first and last sample period. The organic N content of each
treatment was calculated as the difference between the total
N content and the total inorganic N content of that
treatment.

Net Nrminaralization in the treatments for the 45 g
incubation are shown in Figure 37. as sludge rate increased,
on average, net N mineralization increased, rising froﬁ 80
-mg N kg™ s0il in the treatments without sludée to 530 mg N

kg s0il in the treatments with the highest sludge
application rate (270 Mg ha™). 2s fly ash-LSR rate
increased, on averége, net N mineralization also increased,
rising from 240 mg N kg soil in the treatments without fly
ash—LSR to 440 mg N kg™ soil in the treatments with the
highest rate of fly ash-LSR (135 My ha™). The increase in
net N mineralization, as sludge or fly ash-LSR application

rate increased, was significant {p > .05).
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Net N mineralization results from my study are less
than those of Hsieh et al, {1981b) and Fine et al. (1589)
(Figure 38). Hsieh et al. (1981b) and Fine et al. {1989),
like the current study, used éerobically digested sludges
and measured net N mineralization as the net change in
organic N content. Fine et al. (1989) used a sludge with an
organic N content of 5.5 %, Hsieh et al. (1981b) used a
- 8ludge with an organic N content of 4.7 %, and my study used
a sludge with an organic N content of 2.7 %. Since the soils
used in these studies were similar in PH and organic N
content, the differences in npet N mineralization are
attributable to sludge organic N contgnt. In other words,
the larger sludge organic N éontent, the higher the net N
mineralization. Previous studies have shown that as the
organie N content of sludge increases, total N
‘mineralization increages (Figure 15). The organic N content
of sludge is probably the most important factor determining
the rate and extent of net N mineralization.

VUnlike net N mineralization, the % organic sludge N
mineralized decreased as sludge application rate increased.
These percentages were 32, 28, 25, and 23 % in the 45, S0,
135, and 270 Mg ha™ sludge treatments, respectively.
‘Comparable studies had similar % organic sludge N
mineralized (Figure 38). Fire et al. (1989) had the nighest

% sludge N mineralization, probably because their sludge had
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the highest labile organic N content. Sludge properties vary
greatly, based on the degree of industrialization in the
sanitary district, and the wastewater entering the sludge
treatment plant. Consequently, sludges mightldiffer in
organic composition, although they were treated with the
same method, and this might yvield different % sludge N
mineralization,

Like sludge, fly ash-LSR increazed net N mineralization
in the treatments (Figure 38). Since, the fly ash-LSR
. doesn’t contain organic N, it shouldn’'t increase net N
mineralization but for providing a better mineralizing
environment. Cervelli et al. {1987) found that an alkaline
fly ash-LSR neutralized an acid soil, optimizing pH for
microbeg, and thereby increased net N mineralization. The
current study used soil, sludge, and fly ash-LSR having near
neutral pH values (Table 3). Therefore, acid neutralization
by fly ash-LSR can‘t explain the effect T observed.

Fly ash-LSR may also improve soil physical properties
such as texture (Chang et al., 1977} and aeration (Aitken
and Bell, 1985: Chang et al., 1977). However, the effects of
. such improvements on N mineralization weren’'t examined by
either my study or previous studies.

The reliability of total N analysis was investigated by
estimating the total N contents at the beginning of the

incubation and comparing them with the measured values. The



115

total N contents on day 0 were estimated by using total N
coﬁtents of soil and sludge, and the ratio of slvdge:soil
(wiw) in the treatments. The % difference between estimated
and measured total N in the treatments are given in Table 5.
As fly ash-LSR rate increased, the % difference between
estimated and meaéuréd total N increased. Fly agh-LSR might
" have interfered with the total N analysis, resulting in
biased measurements of total N content. Net N mineralization
values were calculated by the use of total N contents.

My carbon mineralization study showed that fly ash-LSRr
has no effect on ¢ mineralizatidh in the amended soil.
Carbon and N mineralization are usually related {(Gilmour et

al. 1385). The fly agh-LSR, thérefore, alse shouldn’t affect
‘N mineralization.

Concentrations of Inorganic-N Species Durlng the Incubation

Statistical analysis for the relationship between time
and mean concentrations of NH*~-N, NO:"-N, and NO;"-N in the
sludge treatments showed that all treatment factors {sludge,
fly ash~LSR, and time), and interactions among these
treatment factors, were significant.(P > .03). Although the
fly ash-LSR effect was significant, there wasn’'t a trend
between time and inorganic N content in the fly ash-LsSR
treatments. Consequently, only the relationship between time
and inorganic N contents in the sludge treatments averaged

across fly ash-LSR treatments will be discussad. Inorganic N



116

"N Te3l03 pejewtlse / 00T x (N [e3l03 poansesw - N 1e3073 PoIRUTYSD) =

' (PeInsSRol-pajewTISy) .
= SOULISIITP § SUL |

(0Z8%-00719)

(08PE~05TH)

(02Z€-005¢€)

(0£82-058%)

(00TZ-00ZE)

A 4 g2 91 0°8 L0 99 _ _ SE€T
(06EP-00T9) (OETF-0STP) {06€£€-005¢) (0062-058T) {(0¥TZ~-0022)

(AN 14 L0 . g € 9 1T- L'z Sy
{0095-0019) {0S0%-0ST¥%) (0€ESE-005¢€) (098Z2-0S8¢) s (08TZ-0022)

£°8 8z 6°0- £°0- 6°0 0
0LT SET 06 Sy 0 (,.eyq BW) =3ey

(;_ e D) eqey GOﬂuMUHﬁﬁﬁm sbpnts

¥ST-USY ATdg

*,0 &ep je sjusuneain

M3 UT SONIRA N TeI0] paInsEsu PUE Pejewrlss ussmilsq 9oUSISFITP § oUl S STqRL



117

contents in the 0, 45, 90, 135, and 270 Mg ha™' sludge
treatments with respect to time are given in Figuresr32, 33,
34, 35, and 36, respectively.

As sludge application rate increased, the initial
NH,"-N content in the treatments increased, rising from 10
mg kg™t soil in the treatments without sludge to 720 mg kg™
soil in the treatments with the highest sludge application
rate (270 Mg ha™). However, as the sludge rate increased,

- NH," oxidation (NO, -N formation) was delayed (Figures 33 to
36) .

The delay in NO;” formation indicates that NH,'-oxidizer
populations were suppressed possibly due to the high
substrate concentrations and salt contents. A lag phase in
NHf-oxidation due to high substrate cbncentrations has.been
shown in soil (Broadbent et al., 1957; Harada and Kai, 1968;
Justice and Smith, 1962; Malhi and McGill, 1982: Mclntosh
and Frederick, 1958; Molina, 1985; Morril and Dawson, 1967;
Stojanovic and Alexander, 1958). Most of these studies
suggested that NH-N concentrations exceeding 300 mg kg™
‘cause NH; volatilization in seil and NH3, not NH,* inhibits
NH;'-oxidizers.

In the current experiment, with the exception of the 45
Mg ha™ sludge treatment, all sludge treatments had initial
NH;"-N concentrations above 300 mg NH,'-N kg™ soil. There was

‘& delay in NO;-N formation in all amendment rates except in
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45 Mg ha™ (Figures 34 to 36). The delay in NH,-oxidation
(NO,” formation) increased, as sludge application rate
increased (Figurer40). This is one important piece of
evidence that suggests inhibition of NH;'-oxidation was
related to NH;. Fine et al. (1989) determined that as sludge
application rate increased, the duration and rate of NH;
release from samples increased {Figure 41).

Like high NH,=-N concentrations, extreme salt contents
also suppress NH,'-oxidation (Harada and Kai, 1968; Laura,
1577; Malhi and McGill, 1882). In the current study, the
salinity of sludge was much higher than that of fly ash-LSR
| and goil (Table 1). As sludge application rate increased,
salinity probably increased although this wasn’t determined.
There might also be a synergy between NH; and salt contentsg
on the inhibition of NH,*-oxidation (Harada and Kai, 1968}y,
In other words, these two factors could interact_so that the
net effect would be greater than that expected from the
independent effects of each factor.

There was also an inhibition in NO, -oxidation {NO;~
formation). Nitrite transiently accumulated in the
treatments (Figures 33 to 36). Usually, NO; doesn’'t
accumulate in soil since the rate limiting step in
nitrification is NH;'-oxidation. In other words, NO, -
‘oxidation is more rapid than NH.'-oxidation and once NO,” is

formed, it is quickly oxidized.
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Nitrite is toxic to plant roots even at low
concentrations such as 5 mg kg™ (Hamilton and Lowe, 1981).
More importantly, NO,” contaminates groundwater and causes
blue baby syndronie (methemoglobnemia) in babies drihking

NO:” contaminated water.
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CONCLUSIONS

This study determined that fly ash-LSR increased net N
- mineralization but not carbon mineralization. Since Cand N
mineralization values are usually linked, fiy ash-LSR also
shouldn’t affect N mineralization.

Aerobically digested sludges may be characterized by
their high inorganic and/or organic N content, and a low C:N
ratio. Volatile N losses from soil amended with such sludges
have been great. These losses should be accounted for when
determining sludge-N availability for plant growth.

The sludge amended soils also accumulated NO;” at

sufficient concentrations to inhibit plant root growth.
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GENERAL CONCLUSIONS

This study showed that sludge affects C mineralization
in the amended soil. Sludge rate maximizing total C “
minefalization_was 154 Mg ha*.\Sludge rate maximizing %
sludge C mineralizaiton was 15 Mg ha™. But, this was
.probably an artifact of high background soil C. Therefore,
as sludge application decreases, % C mineralization in
-sludge should decrease. There wasn't a fly ash-LSR effect
. probably because fly ash-LSR used was neutral and had low
bsalts compared to unweathered f£ly ash-LSR.

Fly ash-LSR had an effect on net N mineralization. But,
this was probably an experimental error. Fly ash-LSR
shouldn’t affect N mineralization éince C and N
mineralization are linked and there wasn‘t a fly ash effect

on C mineralization.
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Appendix 1. ANOVA Tables for C mineralization studies.

Appendix l.a. ANOVA Table for total C mineralization.

Source of Variation drF F value Pr > F

Incubation (Block) 2 3.3 0.047
Fly Ash-LSR 4 0.2 0.895
Sludge 4 390.3 0.001
Fly Ash-LSR x Sludge 16 1.3 0.222

Appendix 1.b. ANOVA Table for rate constants (a} of C

mineralization,
Source of Variation dr F Value P, > F
Incuﬁation {Block) 2 12.3 0.001
Fly Ash-LSR . 0.2 0.916
Sludge 4 122.6 0.001

Fly Ash-LSR X Sludge i6 - 1.0 0.392
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Appendix 2. ANOVA Tables for N mineralization study.

Appendix 2.a. ANOVA Table for net N mineralization.

Source of Variation drF - .F Value P, > F

Fly Ash-LSR 2 17.2 0.001
Sludge 4 43.8 0.001
Fly Ash-LSR X Sludge 8 2.8 ¢.020

Appendix 2.b. ANOVA Table for NH,*-N, NO; -N, and NO; —N

concentrations’.
Source of Variation dg
Siudge 4
'Fly Ash-LSR 2
Sludge X Fly Ash-LSR 8
Time 6
Time X Sludge 24
Time X Fly Ash-LSR 12
Time X Sludge X Fly Ash-LSR 48

' Only degrees of freedom were given since all inorganic N
species for each source of variation were significant
(P > 0.01).
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