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Wastewater sewage sludge cake from textile manufacturing was evaluated by soil incubation experiments and a greenhouse
experiment for use as a soil amendment to provide crop N. Although the sludge had 96% of N in organic combination, 20%
of total sludge N was released to soil as mineral N over 28 days. N mineralization from the sludge was indistinguishable from that
seen for alfalfa shoot in parallel incubations. However, nitrification inhibition was seen for the alfalfa amendment. Soil respiration
was low for the sludge treatments compared to the alfalfa treatments, suggesting that carbon substrates in the sludge were less
easily broken down. A second incubation experiment indicated that fine fragmentation of the sludge is not necessary to ensure
mineralization proceeds. In a greenhouse experiment, sludge N was approximately 25% as available to Zea mays L. as NH4NO3.
The textile manufacturing sludge offered potential to offset N fertilizer requirement.

1. Introduction

Sewage sludges are generated by the treatment of wastewater
streams in municipal and industrial installations [1]. The
composition of these materials varies considerably. Sewage
sludge from water treatment plants in Ontario, Canada, were
reported [2] to have 4%–8% solids by mass (n = 4), whereas
mechanically dewatered sludge normally contains up to 30%
solids by mass [3]. A comparison of aerobic sewage sludges
[4] gave ranges of values for total N from 5–76 g kg−1 (n =
38) and NH4–N from 0.03–11.3 g kg−1 (n = 33). Cor-
responding ranges given by [5] are organic N from 13–
65 g kg−1 and NH4–N from 0.4–42.8 g kg−1 (n = 39).

More than 50% of sewage sludge is applied to land for di-
sposal [6], and sludge is often considered for use on farmland
to supply N for crops [7–10]. N-release varies both within
and among sludge materials. Between 4 and 48% of organic
N was mineralized from anaerobically digested municipal
sewage sludge in a soil incubation lasting 16 weeks [11].
Similarly, between 0% and 59% of organic N was mineralized
over 58–74 days of incubation with soil in the laboratory for

16 municipal sludges [5]. Field trials also show variability.
In the first year after application, 55% of organic N in liquid
sludge from secondary municipal sewage treatment was min-
eralized in fields of corn (Zea mays L.) and hay [12]. In one
season, 16% of applied N in the form of swine lagoon sludge
was recovered in grass harvested, with 24% recovered from
municipal sludge in a similar trial [13]. Sludge from lagoon
sources was also found elsewhere to have less plant-available
N than sludge from nonlagoon sources [14]. Residual effects
of sludge application are also possible [2]. Nitrification in
sludge is often pronounced [15, 16] and can lead to delivery
of nitrate to 75 cm depth within a single season [17].

The sludge investigated here was prepared by dewatering
of textile manufacturing wastewater that changed total solids
to 43% by mass, corresponding to 1.32 g H2O g−1 dry mass
of sludge cake. Extraction of water from sewage sludge is
expected to remove much of the mineral N, so that knowl-
edge of the rate of N mineralization from this sludge was
needed in addition to data for mineral N in order to evaluate
sludge utility for land application. Leachate of saponin sec-
ondary metabolites from alfalfa roots can inhibit nitrification
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[18]. If similar inhibition is caused by alfalfa shoot, then,
compared to alfalfa, sludge may offer an alternative solid-
form organic source of N without such inhibition.

The first aim of this study was to determine N miner-
alization from textile manufacturing wastewater sludge to
evaluate possible use of the material to offset crop N demand.
To further explore nitrification inhibition for mineral-
ized ammonium, experimental comparison to alfalfa shoot
amendment was undertaken in parallel soil incubations.
A second aim of this study was to predict mineralization
of sludge cake when applied as coarse material. For this
objective, a separate incubation experiment was undertaken
to investigate of the impact of particle size of the sludge
cake on N mineralization. The third aim of the study was
to compare availability for crop uptake of N from the sludge
to that of inorganic N fertilizer. To this end, a greenhouse
experiment was conducted with sludge application to soil
that was then sown to corn with separate corn pots receiving
only NH4NO3 fertilizer.

2. Materials and Methods

2.1. Collection of Materials. Conostogo silt loam soil was col-
lected for use in incubation and greenhouse experiments
from the top 15 cm of the profile of low-N fertility plots at the
Elora Research Station at 43◦41′ N and 80◦14′ W in Ontario,
Canada. To minimize N availability, the field soil had been
cropped to barley without N fertilizer in the previous year.
This soil is mapped as a gleyed melanic brunisol within
the Canadian system of soil classification [19], with 300 g
sand kg−1, 500 g silt kg−1, and 200 g clay kg−1 [20]. Soil
was partially air-dried, passed through a 5 mm screen, and
stored in polythene bags until use. Using standard forage
management for the region, alfalfa tops were collected from
plots at the Elora Research Station, dried at 70◦C, and ground
to pass a 2 mm screen. Alfalfa shoot had 29.5 mg N g−1 dry
mass. Sludge was supplied as a dewatered cake from the
sewage treatment plant of Du Pont Canada Inc. at Maitland,
ON, Canada. Wastewater from textile manufacture generates
this sewage sludge at the DuPont installation. The wastewater
sludge was prepared at the Maitland site of textile manufac-
ture from a well-mixed aerobic wastewater treatment lagoon.
The sludge cake was prepared by partial water removal
by application of physical pressure following bulking with
FeCl3. The sludge retained 1.32 g H2O g−1 dry mass when
delivered by refrigerated truck for study and was kept in
polythene bags to stabilize this moisture level until use.

2.2. Analysis of Soil and Amendments. While at the moisture
level as supplied, the sludge was passed through a 2 mm sieve
prior to all analyses. Moisture contents of sludge and soil
were determined by drying to constant mass at 105◦C. Total
N and C for amendments were determined by combustion
using a Leco FP-428 furnace. Sludge and soil samples were
extracted in 2.0 M KCl with a 5 : 1 ratio of extracting solution
to sludge or soil for mineral N determination. Ammonium
and nitrate concentrations in extracts were determined
spectrophotometrically using a standard autoanalysis system

[21]. Elemental analysis of the textile wastewater sludge was
determined for triplicate 0.5 g samples that were heated in
5 mL 65% nitric acid in the following microwave sequence: 5
minutes at 250 W, 1 minute at 0 W, 4 minutes at 250 W, and
7 minutes at 400 W. Leachate was filtered using Whatman
no. 42 paper and brought to a final volume of 100 mL using
ultrafiltration-purified water. Elemental composition of the
sludge was determined by analysis of leachate using ICP opti-
cal atomic emission spectrometry (ICP-OES) at the Ministry
of Northern Development of Mines, Sudbury, ON, Canada.

2.3. Incubation Experiment One. Sludge was passed moist
through a 2 mm sieve and incubated in glass Mason jars with
screw caps tightly sealed and jars placed in the dark for 28
days at 25◦C and 0.23 g H2O g−1 dry soil at rates of 100, 200,
400, and 800 mg N kg−1 dry soil. All jars were mixed imme-
diately following amendment on the day of setup. As well
as controls, amendments of alfalfa shoot at the same rates
of N addition gave nine amendment treatments. There were
four replicates for each combination of amendment and
time, giving 216 incubations in all. Available ammonium
and nitrate were determined as described above for separate
incubations on the day of setup and after 1, 4, 7, 14, and 28
days of incubation. Prior to harvest of each jar, headspace was
sampled by gas syringe through a rubber port in the jar lid.
Concentrations of CO2 were determined for syringe samples
using a Gow Mac gas chromatograph with infrared detector.

2.4. Incubation Experiment Two. Mineralization of inorganic
N from moist sludge fractions able to pass 2 mm, 4 mm,
and 9.5 mm screens was assessed, giving three amendment
treatments. Screen fractions and the nonsieved sludge were
applied at 400 mg N kg−1 dry soil and compared to controls
with no sludge added. There were four replicates of each
treatment combination of amendment and time, giving 48
incubation units in all. Incubations were maintained at room
temperature and 0.23 g H2O g−1 dry soil in Mason jars in the
dark. Ammonium and nitrate mineralized was determined as
above for separate incubations immediately after setup and
after 4 and 14 days of incubation.

2.5. Greenhouse Experiment. Sludge was passed moist
through a 2 mm sieve before use. Soil was mixed with sludge
at 100, 200, and 400 mg N kg−1 dry soil. As well as controls,
NH4NO3 fertilizer was mixed with soil in separate incuba-
tions at rates of 25, 50, and 75 mg N kg−1 dry soil, which gave
seven treatments in all. There were four replicates of each
treatment, giving a total of 28 20-cm diameter pots. Maize
was grown for 24 days from presoaked seed in pots in the
greenhouse. Six seeds were sown per pot, with thinning to
four seedlings per pot after one week. Pots were watered daily
to gravimetrically maintain 0.23 g H2O g−1 dry soil. Plants
were at the six- or seven-leaf stage at harvest. Shoots were
removed by cutting 5 mm above the soil surface at harvest
and dried at 70◦C. Two 33 mm soil cores were then taken
from each pot approximately mid-way between shoot bases,
about half the distance from the center to the edge of the pot,
and to the full pot depth. One core was selected at random
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Table 1: Comparison of determinations for the textile wastewater sludge (n = 4) to wastewater sludge materials (n = 17) reported [24] for
analyses on a dry-mass basis for total C and N, C/N ratio, ammonium-N, and nitrate-N; s.d. = standard deviation; n.d. = not determined.

Property Units
Sludge in present study Published data

Mean s.d. Minimum Maximum Median

Total N g kg−1 40.0 5.0 12 100 36

C g kg−1 261 19 175 531 290

C/N ratio none 6.6 1.2 5.3 18.8 8.3

NH4–N g kg−1 1.49a 0.04 0 20.1 1.7b

NO3–N g kg−1 0.020a 0.003 n.d. n.d. n.d.
a
2.0 M KCl with 5 : 1 extract-to-sludge ratio.

b1.0 M KCl with 100 : 1 extract-to-sludge ratio.

from each pot and used to wash roots on a 0.1 mm screen.
Roots were then scored for root length [22] and dried at
70◦C. Dried shoot and root was analyzed for total N by com-
bustion as above. The soil from the second core from each
pot was sieved on a 2 mm screen, discarding roots, stones,
and organic debris. This sieved soil was used for analysis of
total N and levels of ammonium and nitrate as above.

2.6. Statistical Design and Analysis. All experiments were ar-
ranged in a randomized complete block design with random
arrangement of treatments within a block. Treatment effects
were investigated using analyses of variance with separation
of means using the Tukey system [23]. Comparison of rates
of CO2 production between incubations with amendments
of sludge and alfalfa was made by the Wilcoxon nonpara-
metric test [23] for samples paired according to rate of N
addition and time of sample analysis.

3. Results

Analyses of 17 sludge materials [24] were compared to the
textile wastewater sludge (Table 1). The textile wastewater
sludge was found to be moderate, in terms of similarity
to median values among the 17 sludge materials from the
literature, for total N, total C, C/N ratio, and KCl-extractable
NH4–N (Table 1). Compared to the alfalfa amendment of
29.5 mg N g−1, for which all N was assumed to be in organic
combination, the sludge contained 1.5 g NH4–N kg−1 and
40 g N kg−1 (Table 1) so that approximately 4% of N in the
sludge was in the form of ammonium. The sludge was similar
in elemental composition to municipal sludge (Table 2)
although Mn at 838 mg kg−1 dry mass and B at 498 mg kg−1

dry mass were 2- and 6-times greater, respectively, than the
concentration means for a wide range of sludges from earlier
survey [4]. However, these values for Mn and B for the textile
wastewater sludge were still within the wide ranges of con-
centrations in municipal sludges for these elements [4]. More
recent data also show wide variability in concentration of
B and Mn. Environmental Protection Agency sewage sludge
analyses fell in the range 6–204 mg kg−1 for B with n = 80
and in the range 35–14.900 mg kg−1 for Mn with n = 84 [25].

3.1. Incubation Experiment One. Ammonium (Figure 1) and
nitrate (Figure 2) were released from both the sludge and

Table 2: Concentration in the sludge of the 20 elements exceeding
10 mg kg−1 in addition to C, H, O, N, K, and S. Means and standard
deviations (s.d.) are for n = 3.

Element
Mean s.d.

mg kg−1 dry mass

Fe 8214 279

P 5254 380

Ca 3544 474

Mg 1538 250

Cu 1004 43

Mn 838 143

Al 711 15

B 498 79

Ti 190 14

Zn 129 16

V 117 3

Cr 101 11

Ni 70 8

Zr 40 7

Ba 40 6

Pb 31 11

Ta 26 23

Sr 22 2

As 13 15

Co 13 1

from the alfalfa over the period of incubation. Almost all
mineral-N in the sludge treatments was in the form of nitrate
at 28 days (Figures 1 and 2), indicating that the sludge
did not interfere with nitrification. In contrast, ammonium
accumulated transiently for the 400 mg N kg−1 alfalfa treat-
ment (Figure 1(c)) and persistently following alfalfa addition
at the 800 mg N kg−1 level (Figure 1(d)), indicating that
nitrification was inhibited by these higher rates of alfalfa
amendment. Where mineral N is the sum of ammonium
and nitrate forms, the slope of the regression for mineral N
released after subtracting controls, as a function of N added,
was 0.20 (Figure 3). This slope indicates that on average, 20%
of added N was recovered as mineral N after 28 days of the
experiment, irrespective of whether the addition was in the
form of alfalfa or sludge.
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Figure 1: Incubation experiment one. Changes with time for ammonium extracted from incubations of sludge and alfalfa with soil at rates
of (a) 100, (b) 200, (c) 400, and (d) 800 mg N kg−1 dry soil. Controls received no amendment.

A pulse of CO2 production with maximum after four
days was seen for the highest rate of alfalfa addition, whereas
CO2 release from the 200 mg N kg−1 and 400 mg N kg−1 alfal-
fa treatments were highest after one day (Figure 4(a)). Rates
of CO2 released from the sludge incubations (Figure 4(b))
were lower (P = 0.002) than for the corresponding alfalfa
treatments (Figure 4(a)) for most combinations of amend-
ment rate and time of sampling.

3.2. Incubation Experiment Two. Sieving the sludge did not
affect nitrogen mineralization, with similar low values for
ammonium and similar values for increased nitrate, relative
to controls, for all screen sizes at both 4 and 14 days (Table 3).

A decreased level of ammonium for the two finest screen
sizes immediately after setup, relative to the coarsest screen
(Table 3), was likely caused by more ammonium diffusion to
smaller particle surfaces and gaseous losses from the more
finely screened material.

3.3. Greenhouse Experiment. Plants in all treatments were de-
velopmentally advanced by one leaf stage over controls (P <
0.001), with 5.9 leaves plant−1 for controls, and means rang-
ing from 6.8 to 7.0 leaves plant−1 for the other treatments.
No negative impact of sludge treatment was evident on in-
spection of the plants in this study. Ammonium nitrate fer-
tilization and sludge amendment both caused shoot growth
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Figure 2: Incubation experiment one. Changes with time for nitrate extracted from incubations of sludge and alfalfa with soil at rates of (a)
100, (b) 200, (c) 400, and (d) 800 mg N kg−1 dry soil. Controls received no amendment.

responses (P < 0.001) as determined at 24 days (Figure 5(a)).
Shoot N concentration responded in a stepwise manner to
increments of fertilizer and sludge treatment (Figure 5(b)).
Shoot N concentration in control pots was markedly defi-
cient at 15.4 mg g−1 but increased to as high as 49.1 mg g−1

and 40.9 mg g−1 with the highest rates of addition of sludge
and fertilizer, respectively (Figure 5(b)). Root length density
was significantly (P = 0.03) greater for plants with the
lowest amendment of sludge compared to those with the
lowest amendment of ammonium nitrate, but no amended
treatment was different from the control (Figure 5(c)). Root
mass density (P = 0.07) was similar among treatments, with

overall mean ± standard deviation = 0.36 ± 0.08 g root L−1

soil for n = 28. Specific root length (P = 0.11) was also
similar among treatments, with overall mean ± standard
deviation = 10.4 ± 2.9 cm root mg−1 root for n = 28. Root
N concentration increased from 9.9 mg g−1 in controls to as
high as 24.8 mg g−1 and 20.5 mg g−1 with the highest rates of
addition of sludge and fertilizer, respectively (Figure 5(d)).

Ammonium in NH4NO3 fertilized soil did not differ
from controls at harvest, but soil ammonium did increase in
a stepwise manner (Figure 6(a)) in response to sludge
amendment. Despite these differences among treatments, the
concentrations of ammonium in soil at harvest were low in
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Table 3: Incubation experiment two. Ammonium-N and nitrate-
N mineralized from different screen fractions of sludge applied at
400 mg N kg−1 dry soil, as compared to controls with no sludge
added. Means in a column followed by different letters (a, b, and
c for NH4–N; x, y, and z for NO3–N) are significantly different at
the 5% probability level.

Screen size (mm)
Day

0 4 14

mg NH4–N kg−1 dry soil

Control 0.5 a 0.1 a 0.2 a

2 31.7 b 3.7 a 0.6 a

4 36.6 b 8.5 a 0.8 a

9.5 57.9 c 11.5 a 0.8 a

mg NO3–N kg−1 dry soil

Control 12.0 x 12.6 x 16.8 x

2 12.1 x 52.6 y 85.9 z

4 12.4 x 58.2 y 80.4 z

9.5 11.7 x 49.6 y 79.5 z

all treatments relative to plant demand and did not exceed
2.4 mg kg−1. Nitrate in soil was low relative to crop demand
and less than 3 mg kg−1 in all treatments, with the exception
that nitrate accumulated to 30.4 mg kg−1 in pots with the
highest rate of sludge amendment (Figure 6(b)).

4. Discussion

The sludge cake from textile manufacturing wastewater that
was studied here released mineral N in soil incubations and

provided adequate N to support maize growth in soil in pots
without signs of damage to the crop. Mineralization of N was
indistinguishable to mineralization from alfalfa shoot. The
20% of organic N released as ammonium or nitrate from
the sludge over 28 days indicated that mineralization rates
for the textile wastewater sludge were similar to those known
for municipal sludges. In the first year following application
of anaerobically digested municipal sludge biosolids, 40%
of organic N was recovered by a field crop of maize [26].
Further recoveries of 20% and 10% of organic N applied were
estimated [26] for the second and third years, respectively.
Slightly lower rates of recovery have been recorded elsewhere,
with 50% of sludge N recovered cumulatively over four suc-
cessive field crops following land application of anaerobically
digested municipal liquid sludge [7]. With the same sludge
material as used by [7], much of the release of mineral
N from organic N in sludge occurred within three weeks
following field amendment [8]. Thus, the mineralization of
20% of organic N from the textile wastewater sludge cake
within 28 days compares well to municipal sludge in terms
of initial rate of N release.

Although similar to alfalfa shoot as an N source, the
sludge offered freedom from nitrification inhibition at the
highest rates of application, whereas nitrification inhibition
appeared to occur for higher rates of alfalfa amendment.
Ammonium accumulated transiently in the 400 mg N kg−1

alfalfa treatment and persistently in the 800 mg N kg−1 alfalfa
treatment. Nitrification inhibition has been attributed to
glucosinolates in shoot material of Brassicaceae [27], but
the polyphenols of wider occurrence among plants, such
the Fabaceae, do not inhibit nitrification [28]. Saponins in
alfalfa root exudates are thought to inhibit nitrification [18],
and so, saponins are a likely explanation for the nitrification
inhibitory activity of alfalfa shoot.

Respiration was lower in the sludge amendments com-
pared to the alfalfa treatments. Less respiration in the sludge
compared to the alfalfa treatments probably relates to re-
duced availability of carbon substrates in the sludge. Soil
respiration data found here are in keeping with expected
values, as follows. A base reference value of oxygen demand
for soils can be taken as 20 g O2 m−2 day−1[29]. Assuming
1 : 1 equivalency of O2 consumed to CO2 released, this oxy-
gen demand converts to 1.6 mg CO2–C kg−1 h−1 respired for
a 15 cm depth of generalized field soil of bulk density
1.33 g kg−1. Control values in incubation experiment one
ranged from 0.9–5.6 mg CO2–C kg−1 h−1, with values follow-
ing amendment varying widely but not exceeding 83.5 mg
CO2–C kg−1 h−1.

Application of sludge cake to fields would likely be under-
taken by manure spreader. Therefore, the impact of sludge
particle size on reaction rates could, in theory, bring about
differences between field responses and laboratory or green-
house studies. However, the sieve-size experiment conducted
here shows that at least over the range from 2 mm to 9.5 mm
sludge particle diameter, cake size dimension has no influ-
ence on the reaction of the sludge with soil in terms of rate
of nitrate released. Fine-screened fractions of sludge cake
studied here lost ammonium relative to the coarsest fraction
at incubation establishment, likely because of gaseous loss
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Figure 4: Incubation experiment one. Specific rates of carbon dioxide released from incubation of soil with (a) alfalfa and (b) sludge.
Treatment codes refer to amendment rates of alfalfa (A100–A800) and sludge (S100–S800) added in the range 100–800 mg N kg−1 dry soil.
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after 24 days of growth for pots amended with ammonium nitrate or sludge at rates shown in mg N kg−1 dry soil. Controls received no
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(Table 2). Use of coarse sludge cake material for land appli-
cation, followed by incorporation where possible, would be
expected to limit such gaseous loss of N.

The N sufficiency range for maize during early growth is
given as 35–50 mg g−1 [30]. Control treatment plants in the
greenhouse experiment had 15 mg g−1 and were N deficient,
and N concentrations of shoots across treatments ranged up
to 50 mg g−1. The absence of a pronounced effect of fertilizer
and sludge amendment on root growth, together with sig-
nificant stimulation of shoot growth, was in keeping with
established response patterns of increased shoot-to-root
ratio following N addition [31]. Overall mean for root length
density in the greenhouse study of 3.6 cm cm−3 was high
compared to the season maximum of 2.0 cm cm−3 for maize
in the field [32], but a relatively high root length density
was not unexpected, given pot confinement. Specific root
length of 10.4 cm root mg−1 root is slightly lower than values
available for other grasses, but it is of the same order [33].
In contrast to fertilizer additions, however, the highest level
of sludge amendment left residual soil nitrate in excess of
that utilized by the crop. Sludge amendments at 100, 200
and 400 mg N kg−1 were indistinguishable from NH4NO3

amendments at 25, 50, and 75 mg N kg−1, respectively, in
terms of values for shoot N uptake, which indicated that
sludge N was approximately 25% as available as fertilizer N.
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