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ABSTRACT

To evaluate different levels of paper mill sludge as a soil amendment for the production of corn (Zea mays
L.), sludge was added to 15-cm pots of soil in a greenhouse experiment. Mixtures were made from paper mill
sludge (0 to 560 Mg/ha wet weight) mixed with field soil (Hadley fine sandy loam with coarse, mixed, mesic,
Fluventic, Dystrochrept deposits). Nitrogen was added as ammonium nitrate at 0 or 200 kg N/ha. Eight corn seeds
of ‘Pioneer Max 21’ were seeded into each pot immediately after mixing the paper mill sludge and soil or at 21
days after mixing the media. Seven days after sowing, seedlings were counted in each pot to assess germination
(emergence). Delaying of sowing of seeds for 21 days increased the number of seeds that germinated. Corn plants
were harvested after 35 days of growth. Plant biomass declined as amounts of sludge increased. Adding N and
delaying sowing for 21 days produced the greatest amount of dry mass. Tissue (leaf) total N decreased with
increasing amounts of sludge. Addition of N to the mixtures increased the average total N in corn leaves. However,
leaf total N still decreased with increasing amounts of sludge added even if N at 200 kg /ha was added to the media.
Sowing immediately after setup showed the highest leaf total N if no sludge was added to the mixture. Sowing
immediately after setup of the experiment and adding paper mill sludge at 560 Mg/ha produced the lowest total N in
corn leaves. Generally, the P concentration in plants increased as the amount of paper sludge increased, but the
increase was less with N added than in treatments without N added. At 21 days, carbon:nitrogen, pH, and salinity of
the media declined relative to the initial values. Total N in the media was higher after a 21-day delay than
immediately after setup. Organic matter content increased with increasing amounts of paper sludge. Results
indicated that addition of paper sludge to soil increased media organic matter and P contents. Germination was
hindered when seeds were sown immediately after setup of the experiment, but delaying seeding for 21 days
eliminated the germination problem. Nitrogen deficiency was problematic, and more than 200 kg/ha of

supplemental N is recommended to overcome immobilization of N.



INTRODUCTION

Concern for disposal of paper mill sludge in landfills has increased over the last 10 years. Landfilling and
incineration of by-products have become unfavorable means of disposal (1, 2, 3). Alternatives for disposing of
paper mill sludge currently are being sought. The high organic matter content and low trace metal and organic
pollutants in pulp and paper mill sludge suggest that these residuals may provide a valuable resource for soil
amendments (2). As supplies for traditional organic amendments including peat moss, composts, and farm manures
are diminishing near urban areas, opportunities for beneficial use of paper mill sludge on land have increased (3, 4,
5).

At paper mills, primary treatment produces sludge that is high in wood fiber, clay, and lime. Primary-
treatment sludge settles out readily coagulable solids and is 3 to 7 % solids. Primary treatment does not incorporate
a biological treatment (6). Secondary sludge contains 0.5 to 2.0 % solids (6) after a biological treatment (secondary
treatment). In general, primary sludge has a high carbon:nitrogen (C:N) ratio whereas the secondary sludge has a
higher P and N content resulting in a lower C:N ratio than the primary sludge (7, 8). Some nutrients such as P, K,
Ca, and Mg increase with additions of paper mill sludge to the soil (5, 9). Aluminum is inherent in the
manufacturing of paper and may be a problem element with paper mill sludge as a soil amendment (5).

Addition of paper mill sludge to soil can increase plant growth and yield (2), increase N and P availability (9), and
increase soil organic matter content (3, 10). Nitrogen immobilization has been documented in sludge-amended
soils, but corn plants have been shown to recover quickly following the treatments (3). Nitrogen immobilization has
been corrected by delaying seeding after application of paper mill sludge, by reducing sludge application, or by
applying supplemental fertilizer (11).

Successful use of paper mill sludge in agriculture must demonstrate, without adverse effects, that crops
benefit or soil properties improve from the addition of the sludge as a soil amendment. The purpose of this research

was to demonstrate the utility of paper mill sludge as a soil amendment for corn growth.



MATERIALS AND METHODS

Paper mill sludge (Erving Paper Mill, Erving, Massachusetts) was used to prepare treatments to simulate
field applications of 0, 112, 224, 336, 448, or 560 Mg wet mass/ha. Media were prepared to simulate field
conditions by mixing sludge 0, 50, 100, 150, 200, or 250 g per 1000 g soil (Hadley fine sandy loam with coarse,
mixed, mesic, Fluventic, Dystrochrept deposits). In a wheelbarrow, 4 pots of medium were mixed with sludge or N
by hand. This method ensured complete mixture of treatments and the N. Treatment were arranged in 4 randomized
complete blocks in a greenhouse at the University of Massachusetts at Amherst.

The Erving Paper Mill treatment plant accepts municipal wastewater from the town of Erving so that about
2% on average of the paper waste is sewage sludge. Analysis of the paper mill sludge used is shown in Table 1.
Nitrogen was added (mass basis) as ammonium nitrate at 0 or 200 kgN/ha. Eight corn seeds (Zea mays L. ‘Pioneer
Max 21°) were sown into each pot, immediately after mixing the sludge and soil media or at 21 days later to assess
the impact of seeding time on germination and growth of corn. The seedlings that emerged were counted to assess
germination. Shoots of corn plants were harvested after 35 days of growth, and dry weights were recorded. Tissues
were analyzed for total nitrogen (Kjeldahl-N, 12) and P (molybdovanadophosphoric acid procedure; 13). Growth
was assessed as dry mass to determine the suitability of the different mixtures for growing corn.

Samples of the media were taken initially and 21 days later for determinations of of organic matter (14),

total N (Kjeldahl-N, 12), pH, and electrical conductivity (14) of extracts (2:1 v:w, water:medium).

RESULTS

Corn Germination

Seven days after sowing, the number of seeds that emerged of the 8 seeds sown was the assessment of
germination. Delaying seeding for 21 days after mixing the paper sludge and soil, increased the average percent
germination from 88 % with immediate seeding to 100 % with delayed seeding.
Corn Growth

Thirty-five days after sowing, growth of corn was assessed by determining the dry mass of shoots (Table
2). The interaction of amount of paper sludge, N addition, and seeding time was significant. Plant growth was

suppressed by increased applications of paper sludge, but the suppression was less with N added than in treatments



without N added. Also, the paper sludge additions were less suppressive with the delay in planting than without the
delay. The mean dry mass of plants grown with N addition was 2.8 g/plant and without N addition was 2.2 g/plant.
The mean dry mass per plant was 2.4 g with seeding immediately following application of sludge and 2.6 g with the
21-day delay in seeding.
Nitrogen Accumulation

The interaction of amount paper sludge added, N addition, and seeding time was significant (Table 3). In
all cases, total N concentration in corn leaves decreased with increasing amounts of sludge; however, the decline in
total N concentrations was less with N fertilization than without fertilization (Figure 1). The mean N concentration
in leaves with N fertilization was 1.67 % and with no fertilization was 1.42 % (Table 3). Delaying of seeding
lessened the suppression of N accumulation at the higher levels of sludge addition (Figure 2). The mean N
concentration in leaves with no seeding delay was 1.51 % N and with the 21-day seeding delay was 1.58 % N.
(Table 3)
Phosphorus Accumulation

The interaction of amount of paper sludge addition, N addition, and seeding time was significant (Table 4).
Generally, the P concentration in plants increased as the amount of sludge was increased, but the increase was less
with addition of N than without N (Figure 3). The seeding time component of the interaction seemed to be small in
that the increase in P concentration was about the same with or without seeding delay (Table 4). The main effect of
seeding time had no effect on P concentration, with the mean concentration being 0.20 % P.
Media Composition

The C:N ratio of the media was lower at 21 days after application (C:N,12:1) of the paper mill sludge than
immediately after application (C:N,14:1) of the waste (Table 5). The pH and electrical conductivity of the media
were significantly lower after 21 days than immediately after application (Table 5). The mean total N of the media
was higher after 21 days (0.19 %) than immediately (0.15 %) after the setup of the experiment. Total N (Kjeldahl-
N) in the media varied little with the application of paper sludge (Figure 4). Soil organic matter increased with the

application of paper mill sludge, but N addition had little effect on the soil organic matter (Figure 5).



DISCUSSION

Increasing amounts of paper mill sludge in the media suppressed growth of corn plants. Nitrogen
deficiency appeared to be responsible for the decrease in biomass with increasing paper sludge. The C:N ratio of the
paper mill sludge was 84:1 (Table 1). The C:N ratio of the media did not vary with increasing amounts of paper
sludge as the amount of sludge added was small relative to the mass of the soil. Corn leaf analysis N indicated that
all plants were N deficient and that most were P deficient. Hence, it appears that the paper sludge led to
immobilization of soil-available N and P. Corn plants less than 30-cm tall should have tissue total N of 3.50 to 5.00
% N and P levels 0.3 to 0.5 % P (16). The highest average tissue total N was 2.31 % N, and adding paper sludge
enhanced the deficit in tissue total N (Figure 2). Even with no paper sludge amendment and N (200 kg N/ha) added,
tissue total N was deficient (2.31 % N). Phosphorus deficiency is likely if total P concentration is below 0.2 %, and
in the experiment, P values were often below this level.

Symptoms of N and P deficiency were widespread and began developing after 2 weeks of growth.

Nitrogen deficiency appeared in old leaves as light green to yellow coloration. Later stages of N deficiency showed
some necrosis. Phosphorus deficiency symptoms included dark-green color of old leaves with purplish color
particularly on the underside of the leaf. Differentiation between N and P deficiency symptoms became difficult
after about 4 weeks of growth, as all deficient plants showed advanced stages of chlorosis and necrosis.

Media organic matter increased with increased additions of paper mill sludge. These results were similar to
those of Thiel et al. (3), who showed an increase in organic matter with paper sludge as a soil amendment for growth
of potatoes and corn. Additions of sludge also have enhanced the P and N contents of media (8). Erving Paper Mill
sludge increased the available P to plants (Figure 4). The total N content of the media slightly increased from 0.16
to 0.18 % N with additions of paper sludge. This increase was not reflected in leaf total N. In fact, total N
concentration and accumulation of plants decreased with increasing paper mill sludge, suggesting immobilization of
available N (Table 5).

Delaying of seeding increased germination. Electrical conductivity (EC) and pH of the media were lower
at 21 days after setup of the experiment than immediately after mixing the media. Electrical conductivity of the
media can influence the water relations of the media thereby influencing germination, but in this experiment, EC

was too low to have an effect on plant growth. Initially, the average EC of the media was 0.21 dS/m in a 2:1



water:soil extract, which would be about dS/m in a saturation extract. This value is far below the 2.0 dS/m limit
noted Richards (15) as having negligible effects on plant growth. It is likely that decomposition products had
suppressive effects on germination of seeds that were sown immediately after mixing the media. The EC was
probably due to soluble organic carbon and N constituents.

Addition of Erving Paper Mill sludge to soil improved media organic matter and P content. Nitrogen was
deficient, and supplemental N at 200 kg/ha was not sufficient to overcome the deficiency. Germination was
hindered when seed were sown immediately after the start of the experiment but not if sowing was delayed for 21
days. Use of Erving Paper Mill sludge did demonstrate some utility in agriculture, such as enrichment of soil with
N, P, and organic matter. However, some strategies such as supplementing N or delaying seeding may be

recommended to eliminate deficiency symptoms and biomass suppression.



Table 1. Properties of paper mill sludge.

Elemental composition (total) Other properties

mg/kg
Total N 2,800 pH 7.8
Ammonium N 18 Soluble salts, dS/m 3.29
Nitrate-N 27 Organic matter, % 44.0
P 57 Estimated organic carbon, % 23.8
K 151 Carbon:Nitrogen ratio 84.9
Ca 76,292 Bulk density, g/cm’ 0.28
Mg 364
B 0.5
Mn 27
Zn 31
Cu 5
Fe 143
Pb 5
Cd 0.0
Ni 0.4

Cr 04




Table 2: Dry weights of corn plants after 35 days of growth in paper mill sludge media

with or without N fertilization and with or without delay in planting

Sludge added Seeding time after mixing

No delay 21-day delay
Mg/ha ON 200N" ON 200N" Mean
0 3.52 4.16 3.50 4.18 3.84
112 2.69 3.76 3.35 431 3.52
224 2.44 3.32 2.26 2.82 2.71
336 1.67 1.83 2.19 2.15 1.96
448 1.08 1.69 1.22 1.23 1.31
560 1.23 1.25 1.12 2.70 1.57
Means 2.10 2.67* 2.27 2.89%
Trend L L L L L*
kg N/ha

L, linear regression; *, P < (.05



Table 3. Total N in leaves of corn plants grown in paper sludge in paper mill

sludge media with or without N fertilization and with or without delay in planting

Seeding time after mixing

Sludge added No delay 21-day delay

Mg/ha ON 200N" ON 200N" Mean
% N

0 2.13 2.52 2.04 2.11 2.20

112 1.30 2.39 1.45 1.66 1.70

224 1.23 1.57 1.39 1.49 1.42

336 1.19 1.23 1.47 1.49 1.35

448 1.06 1.27 1.32 1.36 1.25

560 1.14 1.11 1.38 1.81 1.36

Mean 1.35 1.68 1.51 1.65

Trend L”.Q" L L L”.Q" L”.Q"

kg N/ha

L, linear regression; Q, quadratic regression; *, P < 0.05; **, P <0.01



Table 4. Total P in leaves of corn plants grown in paper mill sludge media with

or without N fertilization and with or without delay in planting

Seeding time after mixing

Sludge added No delay 21-day delay

Mg/ha ON 200N" ON 200N" Mean
0 0.13 0.14 0.13 0.12 0.13
112 0.16 0.13 0.15 0.14 0.15
224 0.20 0.14 0.20 0.18 0.18
336 0.23 0.21 0.20 0.21 0.21
448 0.30 0.25 0.29 0.28 0.28
560 0.27 0.25 0.28 0.18 0.24
Mean 0.22 0.19 0.21 0.18

Trend L L L. Q" L L. Q"
kg N/ha

L = linear regression; Q = quadratic regression; * P < 0.05; **P < 0.01



Table 5. Media carbon:nitrogen ratio, pH, total nitrogen (TN), and electrical conductivity

(EC) at two different seeding times.

Measurement
Seeding time C:N TN pH EC
(%N) (dS/m)
No delay 14:1 0.15 6.42 0.210
21-day delay 12:1%* 0.19* 6.05* 0.127*

pH and EC extracts: 2:1 v:w, water:medium

* means in columns significantly different, P < 0.05
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Figure 1. Total N in corn leaves with increasing amounts of paper sludge and with two N treatments.
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Figure 2. Total N in corn leaves with increasing amounts of paper sludge and with two seeding times.
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Figure 3. Percent P in corn leaves with increasing amounts of paper sludge and with two N treatments.
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Figure 4. Total N in media with increasing amounts of paper sludge and with two N treatments.
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Figure 5. Variation in organic matter content in media with increasing amounts of paper sludge and with two N
treatments.
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