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Abstract

Biosolids (the nutrient rich organic matter derived from wastewater treatment processes)
are regarded as a valuable source of major plant nutrients, especially nitrogen (N).
However, a significant proportion of the biosolids N can be lost as N gases after biosolids
application to soil. This paper quantifies gaseous N losses due to ammonia volatilisation
(boric acid absorption method) and denitrification (acetylene inhibition method) unde@

X

controlled conditions in the laboratory. Biosolids (dewatered cake) were mixe@two
contrasting soils from subtropical Australia at a rate designed to meet cr@o
requirements for irrigated cotton or maize (i.e. equivalent to 180 kg é}% ). In the first
experiment, aerobically (AE) and anaerobically (AN) digested@&olids were mixed into
a heavy Vertosol soil and then incubated at 30°C Witll n&@ure contents ranging from
75% to 150% of field capacity. Ammonia Volatiliza@)ver 72 days accounted for less
than 4% of the applied NH4-N but 24% (AN) @S% (AE) of the total applied biosolids N
was lost through denitrification in 105 @lﬁ the second experiment AN biosolids with
and without added polyacrimide ’[@ner were mixed with either a heavy Vertosol or a
lighter Red Ferrosol and’th@eﬁbated for 98 days at 30°C. Moisture contents ranged
from 75% field capaci saturation during the experimental period. The N loss from
denitrification \@@gher from the Vertosol (16-29% of the total N applied) than the Red
Ferrosol (7—%% of the total N applied), while the addition of polymer to the biosolids

inc @ N loss from denitrification from 7 to 10% and from 16 to 29% of the applied N
ingRed Ferrosol and Vertosol, respectively. The major product of the denitrification
process was N, gas, accounting for >90% of the emitted N gases from both experiments.

Our findings show that denitrification could be a major pathway of gaseous N losses

under warm and moist conditions typical of those found in subtropical Australia.
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1. Introduction

The area of agricultural land to which biosolids (the nutrient rich organic matter derived
from wastewater treatment processes) is being applied, and the quantities of biosolids@
applied to cropping land have increased significantly in the last two decades. ]&&
increase has been due to both an increasing recognition of the nutrient Vah@)Qt’he
biosolids and environmental concerns about ‘traditional’ disposal m@ds such as
landfill. Land application of biosolids has been suggested as acé«of replenishing soil
organic matter stores as well as supplying nutrients sgck@itrogen (N), phosphorus (P),
sulphur (S), potassium (K) and essential micronutri@’\.(ln addition to plant growth
responses to added nutrients, biosolids are als@ported to improve soil structure and
water holding capacity and have benef@ll tfects on microbial biomass and activity
(Eriksen et al., 1999; Barbarick d@polito 2000; Leifield et al., 2002; Bergkvist et al.,
2003; Barry et al., 2004;‘B61‘,]§§a'1., 2004; Crecchio et al., 2004; Meyer et al., 2004).
When biosolids N is )@0 soil it will undergo a series of the transformations which
can add to the p&f plant available mineral N in the soil but also lead to gaseous losses
to the atm re. The added organic N in the biosolids can be mineralised to NH4-N and
N I‘@ut this newly formed NH4-N and any initial NH4-N in the biosolids can be lost
via NHj3 volatilisation. The amount of N loss through NHj; volatilisation will be affected
by many factors including the method of biosolids application and subsequent
incorporation, the NH4 —N concentration in the soil and biosolids and the pH of the

biosolids and soil (Quemada et al., 1998; He et al., 2003). Additionally, NOs-N can be

lost through denitrification (formation of N, and N,O), with the key soil factors affecting
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the extent of denitrification activity being air-filled porosity and the concentrations of
NOs-N and labile carbon (C) in the soil (Pu et al., 2001). Quantitative information about
these N transformations and gaseous loss pathways is essential to develop effective N
management strategies so that land application of biosolids minimises any unintended
effects on the environment (Vieira et al., 2005).

The results from field trials at four different locations covering different soil types an@
cropping systems in subtropical southeast Qld indicated that a significant amo&t‘a'
applied biosolids N (ranging from 12-40%) could not be accounted for on@g’after
biosolids application (Barry et al, 2006). As three of the four sites d@\rt experience
runoff or show evidence of leaching losses, it was hypothesise@ t the unaccounted for
N was lost by either denitrification or NH3 Volatilisati.mK@ile there have been reports of
gaseous N losses from biosolids due to NHj Volatili@‘}n (Harmel et al., 1997; He et al.,
2003; Robinson and Roper, 2003) little has be@c‘)ne to quantify the N lost through
denitrification. The difference betweenée%lied and the recovered N from both the
plant and soil has usually been a\’@ed to the leaching of NOs and volatilisation of NH3,
with any N loss unaccou?te‘(&}v by these two processes attributed to denitrification
(Currie et al., 2003; za et al., 2000).

The field trials @@ed by Barry et al. (2006) provided favourable conditions for
denitriﬁc@%}%sses in that both biosolids and soils were characterised by low C:N ratios,
soi @es were mostly medium-heavy clays and high concentrations of NO3-N were
found in the soils as a result of rapid mineralisation of organic N from the biosolids (Bell
et al., 2004). In addition, the biosolids used in the field trials contained a flocculant
polymer. This is often added during biosolids processing to help in the dewatering
process. The added polymer, however, can affect the water holding characteristics of the

biosolids. We had observed that biosolids with added polymer were normally more sticky



101  and tended to aggregate into lumps, compared to the polymer free biosolids. The

102 biosolids with added polymer tended to lose water more slowly than the surrounding soil
103 during dry periods and also absorb water more quickly after rain. This additional moisture
104  retention, combined with the high mineral N and C concentrations, would favour

105  denitrification activity in, and near, biosolids lumps.

106  The aim of two experiments reported here was to directly quantify gaseous N losses @
107  through direct measurement of denitrification and ammonia volatilisation. The@bt of
108  variables like soil type, prevailing moisture and biosolids characteristics sl@)gs’the

109  production process (anaerobic or aerobic) and the presence of addedé}fmer on the

110 extent of these gaseous losses was assessed under controlled t@rature conditions.

111 . &6

112 2. Materials and methods Ox

113 2.1 Soil and biosolids OKJ

114 Soils (from the top 10cm of the soil pr@e’)%ed in the experiments were a heavy Black
115  Vertosol collected from Cecil Plé@7.408, 151.74E, elevation: 400m), and a strongly
116  structured Red Ferrosol fro%k/n"garoy (28.338, 152.30E, elevation: 507 m). Both soils
117  came from sites in su@pkal Queensland, Australia that had been previously used to
118  conducta series’&éld trials investigating the effects of biosolids application on crop
119  productivi k the fate of biosolids-derived major nutrients and trace metals (Barry et
120 al(ij@.

121

122 Biosolids (dewatered cake) used in these experiments were sourced from waste water
123 treatment plants located in south east Queensland. In Experiment 1, two biosolids were
124 used - an anaerobically digested product from an urban catchment area and an aerobically

125  digested product from a semi urban catchment area. In Experiment 2, an anaerobically
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digested product from an urban catchment area (different to the one in Experiment 1) was

used.

2.2 Experiment 1

The experiment was conducted as a randomised block design with 4 replications. The
experiment included a control (Vertosol soil with no added biosolids), in addition to @
treatments in which soil was amended with aerobically or anaerobically digest&(b
biosolids. The biosolids were mixed with sieved (<10 mm) field moist soi@ges
equivalent to 20 dry Mg anaerobic biosolid ha™ (23g dry biosolids ké% soil) and 14
dry Mg aerobic biosolid ha™ (17 g dry biosolids kg™ dry soil),&‘&e being equivalent to
the Nitrogen Limited Biosolids Application Rate (NL,BKWM each biosolids determined
using the methods described by NSWEPA (1997). "J@kmget crop N requirement to be
met at these NLBARs was 180 kg N ha™', wit}@e assumption that net mineralisation

O

rates were 25% and 15% for the aerobi@nd anaerobic biosolids, respectively. Biosolids

lumps >25mm diameter were rerﬁ@ prior to mixing.
\.

The moist soil (contro }(ie mixtures of moist soil and added biosolids were packed
to a height of IM in PVC cylinders with an inner diameter of 125 mm and height of
150 mm. %ttoms of the cylinders were sealed using a PVC saucer with a Smm hole
in @tre that was sealed by a silicon septum. A PVC cover with an O-ring fixed on
the inside was screwed to the top of the cylinder. A hole of 5 mm diameter was drilled in
the centre of the top cover, with the hole able to be sealed with a silicon septum.
Additional sets of the cylinders were prepared in the same way for each treatment to

allow the temporal variation in background NO3-N in the soil to be monitored, although

only two replications were established for this purpose.
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The packed soil cores were wetted to 75% of field capacity, determined on the basis of
gravimetric moisture content measured on the same soils in the field, and then kept in an
incubator at a constant temperature of 30+1°C. On days 14, 28 and 42 after
commencement, moisture content was increased to field capacity by adding the required
amount of deionised water and on day 77 moisture content was further increased to IW
of field capacity. After each wetting, soil was allowed to gradually dry down, &l@gh
from the days 1 to 42 and 77 to 85, the covers were left on with the septun@%oved to

&
reduce the rate of moisture loss. For the remainder of the experimen@lnders were left

open except during periods of gas sampling. O§
<

R
Soil cores in the additional sets of cylinders were sa@p’I\ed 14, 21, 28, 42, 56 and 70 days
after the incubation started by removing two c@lders per treatment at each time, and soil
NO;-N was determined on the moist soils, After 105 days, all remaining soil cores in the
cylinders were taken out and re—r@. Half of the soil from each cylinder was kept moist
prior to analysis for mingra@ﬂw remaining soil was oven dried at 40°C and ground to

pass a 2 mm sieve be'f@&%nducting other chemical analyses.

P
; Ez@»

2

Experimeént 2 was also conducted using a randomised block design but with only 3
regtions. The treatments consisted of the unamended Black Vertosol or Red Ferrosol
soils (controls), as well as the soils amended with an anaerobically digested biosolids
with and without an added polymer (cationic flocculant type FO 4490 supplied by SNF

Australia Pty Ltd). The biosolid application rate was determined by the same method as
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described in experiment 1, and also designed to mineralise the equivalent of 180 kg

available N ha™.

Procedures and materials in Experiment 2 were similar to those used in Experiment 1
except for the following details. The cylinders used in Experiment 2 were slightly
smaller, with an inner diameter of 85 mm. The moisture regimes imposed on the soil @
cores inside the cylinders were adjusted to 75% of Field Capacity on days 1 an&fa‘l 00%
Field Capacity on days 21 and 51, and 150% of Field Capacity on day 52. @Q’ each
wetting adjustment, soil was allowed to gradually dry down. Moistu&ntents were
achieved by weighing the cores and adding deionised water todﬁeve the target
gravimetric moisture content. Except for days 21 to 5.2 K;I@ the cylinder covers were left
on with the septums removed, cylinders were left ol@kith PVC covers removed to
facilitate gas exchange after gas samples werually being collected. Soil NO3-N status
was again monitored using soil cores in&uﬁhtional sets of cylinders, with sampling
undertaken 14, 28 and 42 days af@e incubation period started. The experiment was
terminated once gaseous‘N fg\?ﬁs‘ions dropped to insignificant levels.

Y
2.4 Ammonia vob{ ¥sation determination
A PVCco g;-}r with 5 ml of 4% boric acid was attached to the inside wall of each
cyli @ontaining the various soil and soil-biosolid mixtures, after which cylinders were
seg and returned to the incubator for periods ranging from 4 to 48 hours. The NH3-N
entrapped in the boric acid was determined by titration with 0.0025 M H,SOj,, with the
amount of NH3-N absorbed in the boric acid for any measurement period calculated using
the following relationship —

NH;-N = (S-C)xT,
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where S was the volume of H,SO, used to titrate the sample in ml;

C was the volume used to titrate the blank control in ml; and

T was the titre of the titrant, with T for 0.0025 M H,SO, taken as 70 ug N ml"' (Khan et
al., 1997).

The measurements of ammonia volatilisation were terminated on day 72, when the
emissions dropped below detection limits. The accumulated amount of volatilised N}@\I

X

over the experimental period was calculated using the trapezoidal integration 1& .

A
9
N

Denitrification losses were assessed in all soil and soil-biosolibﬂeatments with and

2.5 N,O gas determination

without added acetylene gas during the incubation pefi(;{@etylene was added to inhibit
the transformation of N,O into N, and ensure all N @;}s from denitrification were
captured. After sealing the cylinders with the ers, the 'plus acetylene' treatments had
the gas injected into the cylinders at S%Vﬁ)f the air phase. All cylinders were then
kept in the incubator at 30°C and@amples were collected after periods of 12 to 48
hours using a 12ml pre—e’vafé}pd glass tube. The concentration of N,O in the gas
samples was determi ing a Varian CP-3800 GC (Varian, Netherlands). The
accumulated N26@ost over the measurement period was calculated in a similar fashion

to the cu %e NH; volatilisation losses, using the trapezoidal integration method.

2.6 ;oil and biosolids chemical analyses

Standard soil analyses were conducted using methodology outlined in Rayment and
Higginson (1992). Briefly, pH and EC of both soil and biosolids were determined in
water using a 1:5 soil/biosolids to water ratio. Total K, P and S concentrations in soil and

biosolids were determined by inductively coupled plasma atomic emission spectroscopy
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(ICPAES) following digestion using a concentrated acid mixture of 3:1 HNO3:HCl
(volume).
Total soil and biosolids C concentrations were determined by a dry-combustion method
using a LECO CNS-2000 analyser (LECO Corporation, MI, USA). The total N
concentration of both soils and biosolids was determined by the semi-micro Kjeldahl
digestion method (Bremner and Mulvaney 1982). Biosolids and soil mineral N (NH4 @1
NOs) was extracted using a 1:10 ratio of biosolids/soil:2M KCI solution, and t IfbKJ
determined by an automated colorimetric method (Method 7C2, Rayment @igginson,
1992). The quantity of NOs-N determined by this method included téﬁnitrite N and
nitrate N. O&
X<

2.7 Denitrification capacity and potential Oé
Soil denitrification capacity (DC) can be deﬁs the ability of a soil to reduce NO3-N
due to the action of denitrifying bacte@ Qeady in the soil under anaerobic conditions.
Soil denitrification capacity carf@u its maximum, defined as the soil denitrification
potential (Yeomans et al;, 1 x'when available organic carbon is unlimited.

Y
The denitriﬁgat@@pacity for soils and soils/biosolids mixtures was estimated by adding
14 ml of w, }nd 1 ml of KNOj solution (1.38 mg N ml™) to 4.5 g oven dried soil (<2
m s@ed in a 60 ml syringe. The denitrification potential for the same treatments was
determined by adding 13 ml of water, 1 ml of KNOj solution (1.38 mg N ml™") and 1 ml
sucrose solution (1.36 mg C ml™) to the same amount of oven dried soil in the 60 ml
syringes. After expelling all the air, syringes were sealed and incubated at 40°C for 7
days. Soil nitrate before and after incubation was then analysed and the denitrification

capacity was calculated as

10
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DC =100 % ([NO3-Ninitiat — [NO3-N]finat/ [NO3-NTinitial)-

2.8 Statistical analysis
The differences between treatment means were tested for statistical significance using the
least significant difference (LSD) procedure in the Genstat” statistical package (8"

Edition). The figures were produced using Microsoft” Excel 2000 with standard error@

bars presented in the relevant figures. &&
@)
3. Results C‘Jé(
3.1 Characterisation of the soils and biosolids O’Q
Selected properties of the Black Vertosol and Red Fefrgi@oils (Table 1) show that
while both soils contained similar proportions of silGL)}fay (viz. 86% and 79% for the
Vertosol and Ferrosol, respectively), the gravi@tric soil moisture content at field
capacity was much higher for the Vert@l (50%) than the Ferrosol (29%). In addition, the
Vertosol contained lower concem@ns of both C and TKN, and had a higher pH, EC
and C:N ratio than the F(’arr?saﬂ"able 1). Little NO3-N and NH4-N were found in either

of the soils before ths&u ation.

b@
The TKN %biosolids ranged from 5.9% (anaerobic biosolid B without polymer) to
6.59 (@erobic biosolid A with polymer; Table 2). Concentrations of NO3-N were low
in%iosolids used, but concentrations of NH4-N were much higher, ranging from 4%
(anaerobic biosolid B without polymer) to 19% (anaerobic biosolid A with added
polymer) of the total biosolids N. In Experiment 2, the concentrations of both NH4-N and
TKN were lower in the polymer free anaerobic biosolids (2500 mg kg™ and 5.9%,

respectively) than in the same biosolid with added polymer (5300 mg kg™ and 6.2%,

11
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respectively), probably due to gaseous N losses during the extended period on drying
beds required for the polymer free biosolids. The higher NH4-N concentration found in
the anaerobic biosolids (12,200 mg kg™") compared to the aerobic biosolids (5,600 mg kg’
") was consistent with findings of a US survey of over 150 waste water treatment plants
reported by Sommers (1977). The much higher mean NH4-N concentrations in
anaerobically digested biosolids compared to those produced in aerobic processes we@
attributed to much reduced NH; volatilisation losses during the anaerobic dige&@
process. All biosolids contained significant amounts of C, which ranged fr@%-?ﬁ% on
a dry weight basis, and very low C:N ratios (5 — 6, Table 2). C‘JJ\

S
3.2 Temporal changes in NOs-N concentrations &6 ©
During experiment 1, NO3-N concentrations in the @sol reached an early peak 14
days after commencement of the incubation (@Kadnd 150 mg NOs-N kg™ soil for the
aerobic and the anaerobic biosolids-amended soils, respectively) and then rapidly
declined to reach a minimum on @8 (70 and 55 mg NOs-N kg™ soil for the same
treatments respectively; F i@ After this minimum was reached, NO3-N concentrations
then increased contir@d until day 70 for the soil amended with aerobic biosolids and
until the end of BQperiment on day 105 for the soil amended with anaerobic biosolids.
At the end gﬂ}: 105 day incubation period, the NOs-N concentrations were 150 and 170
m (@\I kg™ soil for the aerobic and anaerobic biosolids-amended soils respectively.
The same general pattern of fluctuations in NOs-N was found in the control treatment
(soil without added biosolids), although concentrations were much lower, differing by >

100 mg kg™ at both the very early and late stages of the incubation period.

[insert Fig. 1a, 1b here]

12
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There were similar fluctuations in NOsz-N concentrations in the Vertosol soil amended
with the anaerobic biosolids in Experiment 2, where concentration peaked on day 28,
decreased sharply until day 40 and then increased until the end of the incubation period
(Fig.1b). The pattern in the Vertosol control treatment (no added biosolid) differed
somewhat, with a slow early increase in NO3;-N concentration that accelerated during@
middle of the incubation period but declined slightly from day 40 to day 98. A&%h not
significant, the NOs3-N concentration in the Vertosol mixed with polymer-@ biosolid
(85-130 mg NOs-N kg ™) was consistently lower than in the same so@xed with
polymer-free biosolids (98-147 mg NOs-N kg™) from day 28 1@&he end of the study.
)
In the Red Ferrosol soil this trend for consistently lcCe)»\NJOTN concentrations in soil
mixed with polymer-added biosolids (150-18(@§NO3-N kg™ soil) compared to that in
soil mixed with polymer-free biosolids (802210 mg NOs-N kg™ soil) was also observed,
particularly after day 40 (Fig. lb)@wever trends differed between the two soil types in
earlier periods of incuba‘iio?gﬁe're there was no peak concentration at day 28 for either
polymer treatment (as d in the Vertosol soil) but a consistent increase in NO3-N
concentration 0@@6 whole incubation period. At the end of the incubation period,
significant]ly*higher NOs-N concentrations were found in the biosolid-amended Ferrosol

1@210 mg NO;3-N kg™') than in the biosolid-amended Vertosol (130-147 mg NOs-

N kg Y, irrespective of polymer treatment.
3.3 Ammonia volatilisation

Ammonia volatilisation was low during the 72 day monitoring period in Experiment 1,

accounting for <4% of the applied NHs-N (Fig. 2), with most of the NHj3 volatilised

13
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during the first few days. Subsequent wetting and drying cycles had little effect on
cumulative NH; volatilisation. Soil amended with anaerobically digested biosolids lost
more N through NHj volatilisation, in absolute terms, than soil amended with biosolids
produced under aerobic conditions. This was not surprising given the higher initial
concentrations in the anaerobic biosolids (Table 2). The addition of acetylene gas led to a
slight but significant increase in NH3 volatilisation. Volatilisation losses of NH3 were@t

measured in Experiment 2, as the results from Experiment 1 indicated total N @ this

O
9
N

pathway was small.

[insert Fig. 2 here] O&

" &
3.4 Denitrification @)
Significant amounts of the applied biosolids I‘@ere lost through denitrification during
Experiment 1 (Fig. 3), with the percent@e%)ss higher from the soil amended with the
aerobically digested biosolids (~than from the soil amended with the anaerobically
digested biosolids (24%)‘. T&wﬁs despite the fact that the absolute amount of N lost was
higher from the soil mi ‘\with anaerobically digested biosolids (0.26g N cylinder) than
from that mixed@@aerobically digested biosolids (0.20g N cylinder™"), which reflected
the total a ‘Xs of biosolids N added.

CO

[insert Fig. 3 here]
There were big differences in the N,O gas emissions between treatments in which

acetylene gas was either added (24-29% total added N denitrified) or omitted (~2% total

added N denitrified) during the measurement periods (Fig. 3) in Experiment 1. Based on

14
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the difference between the N,O gas emitted from treatments with and without acetylene it
could be concluded that the predominant form of denitrified N was as N, (>90%) rather
than N,O (<10%), and that there was no difference in the ratios of N,O/N; generated from

the Vertosol soil amended with the two types of biosolids.

Cumulative denitrification losses during Experiment 1 accrued by way of a series of @
stepwise increases that corresponded to the various wetting events during the i )&iaon,
indicating the key role played by soil water content on denitrification acti@%g. 3).
The first significant denitrification activity started 14 days after the ié%ation period
started when the soil water content was raised to 75% of field &ﬁtity. Significant

increases in denitrification losses were subsequently ob@d when the soil/biosolids

mixtures were rewetted on days 42 (100% field cap@s and 77 (150% field capacity).

O\a

The patterns of denitrification activity Se imilar for both the heavy Vertosol and the
lighter Red Ferrosol (Fig. 4 a and@pectively) in Experiment 2. Losses were low in the
first 3 weeks and then st&ﬂ%ge?easing from day 24, following the raising of soil
moisture content to fi pacity. However by far the greatest increase in denitrification
activity occurre@gday 52, just a few days after the moisture content of the cores was

raised tol&%eld capacity. Subsequent activity was minimal as the soil cores were

alk@@) dry.

[insert Fig 4 here]

Interestingly, the proportional N losses from denitrification recorded in the Vertosol soil

amended with polymer-added biosolids in both Experiments 1 and 2 were similar,

15
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ranging from 24-30% of the applied N irrespective of biosolids type. The cumulative N
loss was much lower (16% of applied biosolids N) for the Vertosol soil in which the
anaerobic biosolids without polymer were added (Fig 4a). The N lost through
denitrification was much lower in the lighter Red Ferrosol compared to the Vertosol for
both the polymer-added and polymer-free treatments (Fig. 4b). While the presence of
polymer in biosolids added to the Red Ferrosol had a much smaller impact on 6
denitrification losses than in the Vertosol soil, the loss of 10% of applied bios@&c@'ﬂ
denitrified in the presence of polymer compared to 7% biosolids N denitri@l’ the
absence of polymer was still significant. Consistent with the ﬁnding&'ﬂ Experiment 1,
comparisons of losses with and without added acetylene sugge&that the dominant
denitrification product in both soil types was N, gas, Ee&@nting 85 to 95% of the total

N lost by this process. O,\

O\a

>

3.5 N loss determined by mass balanceo

In Experiment 1, 55-66% of the é@d biosolids N could be recovered in the soil at the
end of the incubation pe?o?&w’ing 34-45% of the applied biosolids N unaccounted for
(Table 3). The gas me ments suggest that most of this loss was probably via
denitrification d@@r, as NHj3 volatilisation accounted for <4% of the applied NH4-N, or
<1% of th %}applied biosolids N. In the treatments receiving aerobic biosolids

apph @ns, the N loss measured by the mass balance method (34% of applied N) was
similar to the combined gaseous emissions (29% of applied N, Fig.3), but for the
treatment receiving anaerobic biosolids the N loss measured by the gas emissions (24% of
applied N) was much lower than that measured by mass balance (43% of applied N,

Fig.3).
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[insert Table 3 here]

Mass balances of applied N from Experiment 2 indicated that 29-36% (Black Vertosol)
and 15-20% (Red Ferrosol) of the applied biosolids N could not be accounted for from
cylinders with added acetylene at the end of the incubation period. Although NH;
volatilisation measurements were not carried out in this experiment, the relative @
unimportance of this loss pathway in Experiment 1 suggests the apparent N 108\@0“
likely due to denitrification. The apparent N loss was similar in cylinders w)i?(’l&%%
of applied N) or without (14-40% of applied N) added acetylene forég?k soil types, but
the presence of polymer in the biosolids increased denitriﬁcat'@&@sses from 14-33% of
applied N to 20-40% of applied N for both soil types..T@parent N loss from cylinders
with added acetylene determined by the mass balan@%thod (15-36%) was notably
higher than that measured by the gas emission®7 -29%), which was consistent with

observations in Experiment 1. O

<Q

3.6 Denitrification capacity(gﬁrbotential

The Vertosol soil IOS@QA\Of the applied NO;-N after 7 days of incubation at 40°C in the
absence of the s&e C source, but losses reached 100% when the sucrose-C was added
(Table 4). %s were lower in the Red Ferrosol, with only 20% of the applied NO3-N
10@@11’[ the added sucrose-C and only 66% lost when the sucrose-C was added.

[Insert Table 4 here]

4. Discussion
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While biosolids contain significant amounts of potentially available nutrients like N, these
experiments also provide clear evidence that appropriate management strategies will be
needed to ensure biosolids N is retained in soil for crop/pasture use, rather than lost to the
atmosphere. The apparent N losses due to NH3 volatilisation represented only a very
small proportion of both the total applied N and the biosolids N that could not be
accounted for at the end of the incubation period (Fig. 2). While the quantities of N @
volatilised were greater in the anaerobically digested biosolids, this was not ur& K‘[::d
due to the greater rate of total N addition (Table 3) and that approx. 20% @otal N
added was already in the form of NH4-N (Table 2). C‘JJ\

S
In an incubation study for 62 days at 21°C, Quemada.eS{J@ 9908) reported that soil
receiving surface applied biosolids lost 71% of the e@p‘}ed NH4-N, but when the same
biosolid was incorporated into the soil losses < 5%. Similarly, He et al. (2003)

O

found that after an incubation period of480 days the N loss due to NHj3 volatilisation
accounted for 18% of the applied@ral N when biosolids were applied to the soil
surface but less than 4%‘wl}1$‘\ibsolids were incorporated. Significant NH; volatilisation
has also been reporte field studies in which biosolids were applied to the field
without incorpo@@, with Robinson and Roper (2003) showing that 44-55% of the
applied bi gks NH4-N was lost within 14 days of biosolids application. These large
loﬁaurred despite the experiment being conducted under weather conditions

unfavourable for volatilisation (low temperature, high humidity and little wind).
The low NHj3 volatilisation losses observed in Experiment 1, in which biosolids were

incorporated into soil, were consistent with other incubation studies which showed much

reduced losses after biosolids were incorporated into soil rather than surface applied. This
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finding provides a strong incentive to retain the current licensing requirement to
incorporate land-applied biosolids within 36 hours of application (NSWEPA, 1997). If
these requirements are adhered to, NH; volatilisation might not be an important pathway

for gaseous N losses from biosolids-amended soils.

In contrast to volatilisation, biosolids N loss due to denitrification could represent @
significant proportions of the total N applied. Treatment impacts on denitriﬁca(\ Ksases
in these two experiments indicated that denitrification rates were regulate@%o key
factors. These were the concentration of NOs-N (controlled by mineé?ation activity)
and the air-filled porosity. Soil water status can be used as a s@gate for the latter factor.
While the addition of sucrose was still able to accelerfltkc@itriﬁcation activity (Table 4),

the availability of a C substrate to sustain microbial @ity was unlikely to be a

limitation as biosolids contained approx. 35%@anic C with low C:N ratios (5-6; Table

2). O

<Q

In Experiment 1 (Fig. 3),’ th@r}'/ low level of gaseous N emissions during the early stage
of the incubation cou@w‘}ctﬁbuted to the low initial NOs-N concentration, as little
nitrate was foun@@ither the soil or the biosolids before incubation (Tables 1 and 2).
Mineraliiégg}ctivity seemed to have started quickly once the biosolids were applied

un @ warm and moist conditions of the incubation, as the NOs-N concentration
quickly rose to > 100 mg kg™ 14 days after commencement for both anaerobic and
aerobic biosolids (Fig. 1a). The first big flush of denitrification came with the combined
effects of accumulated NO;-N and elevated soil moisture content (100% field capacity on
day 14) in the biosolids treated soils. It is likely that the denitrification activity may have

occurred mainly in or near the applied biosolids lumps. Here the required anaerobic
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conditions for the denitrifying bacteria could be satisfied, the highest concentrations of
mineralised NO;-N were likely to be located and there would have been plentiful supplies
of labile C. The decreases in soil NO3-N concentrations from day 14 to 28 (Fig. 1) were
consistent with increased denitrification losses during the same period (Fig. 3). Although
concentrations of NOs-N increased between days 28 and 72, there were rapid increases in
denitrification losses with increased soil moisture on day 42 (100% field capacity) an@
day 80 (150% field capacity). These flushes of denitrification therefore corresp\rr@%o
periods of low air-filled porosity, but could not be discerned in the net nitr@)giton trend
evident over the same period. C‘JJ\

S
Quantitative information about the N lost via denitriﬁ.ca}{@fgwing land application of
biosolids has been rare, and if gaseous N losses Wer€9‘kerved most of the N loss was
attributed to volatilisation of NH3 and leachin@jurrie et al., 2003; Robinson and Roper,
2003). However, in those studies the le@;gnd volatilised N losses often could not
account for the quantum of biosd@ lost, and it was hypothesised that these additional
N losses were probably (}ue@\‘k‘nitriﬁcation (Currie et al,, 2003; Mendoza et al., 2006).
The findings from ourd %ation experiments support denitrification as an important
pathway for N lﬁwhen biosolids are applied to land under warm and moist
conditions %rate of mineralisation of biosolids N, and in particular the rate of
nitri 1(@)n, are likely to play a key role in regulating potential denitrification losses in

biosolids-amended soils.
In both experiments the impact of acetylene addition for increasing the detection of

denitrification losses was illustrated, with denitrification almost undetectable unless

acetylene gas was added to inhibit the conversion of N,O to N,. This large impact of
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acetylene allowed us to conclude that N, gas was the major product of the denitrification
activity, as the N,O generated in the absence of acetylene accounted for less than 10% of
the total emitted N gases (N, and N,O). Weier et al. (1993) reported that high soil water
content (i.e. low air-filled porosity) and high NO3-N concentrations in soil favoured N,
generation from the denitrification process, while Mathieu et al. (2006) found that large
stores of labile organic C in soil were also conducive to N, generation. Pu et al. (1999@
found that N, was the dominant product of the denitrification activity (99%) aﬂg&
applying enriched NO3-"N to a similar Black Vertosol soil in Queensland@g the

waterlogged conditions. o)\

S

The estimations of N loss by the mass balance meth0£1 Q@b 3) suggested that while the
addition of acetylene gas had greatly increased dete@}of denitrification losses, this
method was still not able to detect all gaseous@losses (presumably additional
denitrification) that occurred in these s@i&he results from Experiment 1 showed total
N losses averaged 44% of the ap@N for the treatments receiving anaerobically
digested biosolids, and 3‘6‘723}&1'6 applied N for the treatments receiving aerobically
digested biosolids. T ‘}sses compared to total measured gaseous losses (volatilisation
of NHj plus de\ﬁeation of N,O) equivalent to 25% (anaerobic) and 31% (aerobic) of
applied bigsolids N, respectively. The smaller N loss estimates by the acetylene inhibition
me @ave previously been attributed to incomplete inhibition of the conversion from
Ng) N, (Watts and Seitzinger, 2000) and the entrapment of N>O in the soil profile

(Weier et al., 1993; Mahmood et al,, 1999).

The effects of polymer addition during the biosolids dewatering process on the gaseous N

emissions were apparent in both the heavy Vertosol and the strongly structured Red
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Ferrosol, with more applied biosolids N lost from soils treated with the biosolids-polymer
combination (Fig.4). This response could be attributed largely to the increased moisture
holding capacity, moisture retention and lumpiness of the biosolids-polymer mix. If the
amount of biosolids N lost (Fig 4 and Table 3), combined with the net residual mineral N
in the soil, are a reflection of the N mineralised from organic sources in the biosolids, it
may also be possible that the net mineralisation rate was higher in soils amended wiﬂ@e
biosolids-polymer mix — perhaps by maintaining adequate moisture around th&@lids
lumps for longer in the dry down process. This would cause more rapid in@s in NO3-
N concentrations in the soils amended with the polymer-biosolids mé}ence increasing
the risk of denitrification. This issue requires further investiga&
<
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Table 1. Selected soil properties (0-10cm depth) used in the experiments

Soil pH EC NH-N NOsN  Kow Pow  Swaw Cow TKN Sand (b}ﬂt Clay CN
1:5H,0 mScm’ mg kg % e ratio

Red Ferrosol 6.2 0.05 19 19 0.2 0.08 0.03 1.85 0.2 O 2 19 60 93

Black Vertosol 8.1 0.12 5 15 0.43 0.03 0.01 1.29 0. 14 15 71 16.1

27



637

Table 2. Selected chemical properties of biosolids used in the experiments

—

Biosolid Total oY)
description pH EC solids  Ciotal TKN Piotal Kiotal Stotal NH;@ NOs-N C:N
1:5H,0 mScm’” % @g'l dry matter ratio
Experiment 1 R &
Aerobic A
(polymer added) 6.5 199 12 33.5 6 4.3 1 0.80 5600 10 5.6
Anaerobic A &
(polymer added) 7.6 681 18.7 33 6.5 35 0.3 O 1.4 12200 20 5.1
Experiment 2 @
Anaerobic B g &
(polymer added) 8.1 431 12.2 36.7 6.2 1.5 O‘\iz 1.5 5300 15 6
Anaerobic B (no X
added polymer) 8.1 431 11.8 36.7 5.9 @ 0.2 1.5 2500 15 6.2

>
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641

Table 3. Fate of applied N 105 days (Experiment 1) or 98 days (Experiment 2) after

amending soils with biosolids and incubating at 30°C. Data represent the means of 4 (Experiment 1)

or 3 replicates (Experiment 2), respectively.

Applied N Net recovered N
Ntotal Nmineral Ntotal Nmineral Norganic Ntotal LostN
mg N mg N % applied N o4 applied N
Experiment 1
Anaerobic Acetylene+ 1057 200 603 89 514 571 4@
Aerobic Acetylene+ 684 64 450 55 395 65.8 &
Anaerobic Acetylene- 1057 200 580 59 521 54.9 \ 5.1
Aerobic Acetylene- 684 64 409 41 368 59.8 40.2
Lsd (P<0.05) ND ND 111 35 114 12.]@ 12.1
Experiment 2 .
Black Vertosol O
Polymer+ Acetylene+ 485 42 311 58 253 64.0 36.0
Polymer - Acetylene+ 473 21 337 39 @ 71.3 28.7
Polymer+ Acetylene- 485 42 290 31 59.8 40.2
Polymer- Acetylene- 473 21 314 3&@ 278 66.4 33.6
Red Ferrosol ‘
Polymer+ Acetylene+ 485 42 388 Q‘% 201 80.0 20.0
Polymer - Acetylene+ 473 21 4 102 298 84.6 15.4
Polymer+ Acetylene- 485 42 gy 171 198 76.0 24.0
Polymer- Acetylene- 473 21 0405 130 275 85.7 14.3
Lsd (P<0.05) ND NDewy 64 24 65 13.4 13.4

o"‘&

<Q

\.
.)\@

&’0
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Table 4 Denitrification capacity (no C added) and potential denitrification capacity (sucrose-

C added at 0.30 g C kg soil) of a Black Vertosol and a Red Ferrosol incubated under

anaerobic conditions for 7 days at 40°C

Initial NO3z-N Recovered NOs-N Denitrification losses
Soil mg N kg™ soil % applied N
Soil Added NoaddedC Cadded NoaddedC C a{"c@
Black Vertosol 2 305 130 1 58 \%O
Red Ferrosol 3 305 245 105 ‘20 00 66
¢
S
O
<
N
N
<
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Figure captions
Fig. 1 Temporal changes in soil NOs-N concentration during incubation at 30°C for (a) Black
Vertosol soil amended with anaerobic or aerobic biosolids in experiment 1 and (b) Black

Vertosol and Red Ferrosol soils amended with anaerobic biosolids in experiment 2.

Values are the means of two replications, except for data collected at the end of the incubation period when

Fig. 2 Cumulative N loss via ammonia volatilisation during a 72-day mcu’%gjn at 30°C,

there are four and three replications for experiments 1 and 2, respectively.

Different soil types are designated as CP (heavy black Vertosol) and Kry (Red Ferrosol).

from a Black Vertosol soil amended with anaerobic or aerobic blo’thgm the presence or

absence of acetylene gas during the measurement period. O

AN+ and AN- indicate anaerobic biosolids with and without acet)ﬂ& hile AE+ and AE- indicate similar

treatments with aerobic biosolids. O

o&

Fig. 3 Cumulative N,O emissions durin@l 05-day incubation period at 30°C from a Black

Vertosol soil amended with anaero@nd aerobic biosolids in the presence or absence of

acetylene gas during the mea&%ﬁtent period.

AN+ and AN- indicate ana &’biosolids with and without acetylene, while AE+ and AE- indicate similar

treatments with aerol@&éohds

>

Fig. C@ ative N,O emissions during a 98-day incubation period at 30°C from (a) Black
Vert6sol soil amended with anaerobic biosolids with and without added polymer and in the
presence or absence of acetylene gas and (b) Red Ferrosol soil amended with anaerobic

biosolids with and without added polymer and in the presence or absence of acetylene gas.

Poly+ or Poly- indicate presence or absence of polymer in the aerobically digested biosolid.

Acet+ or Acet- indicate presence or absence of acetylene during the measurement period.
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