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The farming community has a long his-
tory of applying animal manure as a

nutrient source. Animal manure typically
has a high phosphorus content relative to
nitrogen. Applying manure at rates to
meet crop nitrogen needs has resulted in
an accumulation of excess soil phospho-
rus. Phosphorus from agricultural fields is
considered a major source of the phos-
phorus affecting surface water quality
[1]. To curb the phosphorus
loading from agricultural
fields, the Natural Resource
Conservation Service institut-
ed Nutrient Management
Conservation Practice
Standard Code 590 [2].

NR 590 identifies two
methods of controlling agri-
cultural phosphorus loading
to surface waters. One method
addresses the loss
of phosphorus-
entrained sediment
associated with ero-
sion. The second
method is aimed at
limiting the water
soluble phosphorus
that can leave a
field with runoff
water.

Research has
been conducted to
define the relation-
ship of soil test
phosphorus to
water soluble phosphorus, so that the soil
test phosphorus database can be used to
predict potential runoff effects [1].
Because this relationship exists, nutrient

such as paper mill residuals, are limited.
The annual loading rates of paper mill

residuals are generally limited by the
nitrogen content of the paper mill residu-
als and the crop nitrogen demand.
However,with the introduction of the NR
590 standard, the annual land application
rates may also be limited by phosphorus
values.Therefore, it is necessary to deter-
mine the phosphate fertilizer value of

paper mill residuals so they
can be properly managed
under the NR 590 standard,
similar to animal manure.

PURPOSE AND
STUDY APPROACH

The purpose of this study was
to determine the relative phos-
phate fertilizer value of five
paper mill residuals. This was

accomplished by
completing labora-
tory incubation
studies. The phos-
phate fertilizer
value of the paper
mill residuals was
determined by com-
paring the results of
soils amended with
paper mill residuals
to the results of the
same soils receiving
phosphate fertilizer.
The incubation
studies with fertiliz-

er were conducted for a period of 16
weeks to represent one growing season.
The soils amended with paper mill resid-
uals were incubated for 4-, 16-, and 32-

planners can determine allowable phos-
phate applications on the basis of soil
phosphorus test results and crop phos-
phorus requirements.

Models have been developed to assist
nutrient planners in determining the
allowable phosphate application that can
be made to agricultural fields and comply
with the NR 590 standard.These models
require input values for mineral phos-

phate fertilizer or an equivalent phos-
phate fertilizer value for organic sources,
such as animal manure. Phosphate fertil-
izer values for atypical organic sources,
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may affect many paper mills that are beneficially land-applying wastewater treatment residuals. The phos-
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AApppplliiccaattiioonn::  The results of this study may help mills evaluate the value of applying mill wastewater resid-
uals to soil.

I. Phosphate fertilizer amendment and incubation test soil

phosphorus results. 

PPhhoosspphhaattee  ffeerrttiilliizzeerr SSooiill  TTeesstt
aammeennddmmeenntt,, PPhhoosspphhoorruuss  ((mmgg//kkgg  PP))

TTooppssooiill kkgg//hhaa  PP22OO55 IInniittiiaall 1166  WWeeeekkss
Loamy sand - 1 410 9 51
Loamy sand - 2 324 8 45

Loam 646 32 101
Silt Loam 164 78 103

II. Paper mill residuals amendment and incubation test soil phosphorus (P)

results.

KKiillooggrraammss
pphhoosspphhaattee              SSooiill  TTeesstt  PPhhoosspphhoorruuss,,  mmgg//kkgg  PP

PPaappeerr  mmiillll  aammeennddmmeenntt,, 44 1166 3322
rreessiidduuaallss TTooppssooiill kkgg//hhaa  PP22OO55 IInniittiiaall WWeeeekkss WWeeeekkss WWeeeekkss

PMR No. 1 Loamy sand - 1 185 9 10 11 12
PMR No. 1 Loam 370 32 — 39 —
PMR No. 2 Loamy sand - 1 410 9 8 11 17
PMR No. 3 Silt loam 237 78 89 100 117
PMR No. 4 Loamy sand - 2 324 8 14 19 20
PMR No. 4 Loam 646 32 39 43 64
PMR No. 5 Loamy sand - 2 205 8 15 17 —
PMR No. 5 Loam 366 32 39 43 51
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week intervals, with 16 and 32 weeks
representing one and two growing sea-
sons in the service area. We suspected
that the availability of phosphorus from
the paper mill residuals would increase
beyond one growing season.

To confirm laboratory results, the
University of Wisconsin Extension estab-
lished a research plot with one of the
paper mill residuals to evaluate the phos-
phate fertilizer value under field condi-
tions. Results of the field plot study were
evaluated and compared to the results of
the incubation study results for the
paper mill residuals.

Lastly, paper mill residuals were ana-
lyzed for aluminum, calcium, and iron
content. Research has shown that these
metals reduce the availability of phos-
phorus in soils amended with municipal
biosolids, another atypical organic
source [3].A review of the metal results
was completed to see how the metals in
paper mill residuals may influence the
availability of phosphate.

TERMINOLOGY
The agricultural community rates fertiliz-
er on the basis of its phosphate (P

2
O

5
)

content; however, the available phospho-
rus in soil that results from fertilizer
application is measured as elemental
phosphorus (P). The available phospho-
rus determined in agricultural soil tests is
based on a weak acid extraction proce-
dure that represents the phosphorus that
is likely available to plants. Available
phosphorus is also referred to as soil test
phosphorus; the terms are used inter-
changeably.

The agricultural community has
developed a relationship between the
amount of phosphate fertilizer applied to
fields and the resulting soil phosphorus
test results. This relationship is referred
to as the nutrient buffering capacity of

were amended with paper mill residuals
at rates similar to their respective annual
land application rates, which were gen-
erally nitrogen-based.Phosphate fertilizer
and the phosphate in paper mill residuals
were added to the soil samples at the
rates summarized in TTaabblleess  II  and IIII.The
topsoil samples amended with fertilizer
or paper mill residuals were thoroughly
mixed in plastic containers with at least
250 cubic centimeters of head space.The
samples were initially moistened with 50
milliliters of deionized water. Sample
containers were sealed and maintained
at 21ºC (+/-3ºC). On 5- to 7-day intervals,
the samples were mixed and then
opened to allow air exchange. Deionized
water was added to samples to maintain
moisture near field capacity. Fertilizer-
amended topsoil samples were submit-
ted at 16 weeks for analysis of phospho-
rus. Topsoil amended with paper mill
residuals were submitted for analysis of
phosphorus at 4, 16, and up to 32 weeks.

The companion field plot study by the
University of Wisconsin Extension con-
sisted of a randomly replicated four-treat-
ment trial on silt loam topsoil that was
planted with corn, which was harvested
for silage.

MATERIALS
Five paper mill residuals (PMR), designat-
ed PMR Nos. 1 through 5, consisting of
composite samples intended to repre-
sent normal operating conditions, were

III. Paper mill pulp source, product, and secondary solids content of residuals.

AApppprrooxxiimmaattee  sseeccoonnddaarryy
PPaappeerr  mmiillll ssoolliiddss  ccoonntteenntt  
rreessiidduuaall MMiillll  ppuullpp  ssoouurrccee PPrroodduucctt ooff  rreessiidduuaallss,,  gg//kkgg  aa

PMR No. 1 Deinked paper Tissue <100 
PMR No. 2 Deinked paper Tissue <100
PMR No. 3 Bleached hardwood Paper 200
PMR No. 4 Deinked paper and Paper 500

bleached hardwood
PMR No. 5 Bleached softwood and Paper 300

hardwood
a g/kg = grams per kilogram

IV. Topsoil samples and associated

land application programs.

AAssssoocciiaatteedd  llaanndd
TTooppssooiill aapppplliiccaattiioonn  pprrooggrraamm

Loamy Sand - 1 PMR Nos. 1,2
Loamy Sand - 2 PMR Nos. 4,5

Loam PMR Nos. 1,4,5
Silt Loam PMR No. 3

soil [4].The nutrient buffering capacity is
defined in English units as the pounds
per acre of phosphate fertilizer that must
be applied to a field to raise the soil
phosphorus 1 mg/kg.The English unit of
pounds per acre is roughly equivalent to
kilograms per hectare (kg/ha).The values
in this manuscript are reported in kg/ha
and can be converted to the English unit
by multiplying by 0.9.

METHODOLOGIES
The phosphorus content of the paper
mill residuals was determined by
Standard Method SM4500-P C (vanado-
molybdophosphoric acid colorimetric
method) [5]. The paper mill residuals
were analyzed for aluminum, calcium,
and iron by U.S. Environmental
Protection Agency SW-846 Method
6010B [6]. Topsoil samples were ana-
lyzed by the University of Wisconsin Soil
and Plant Forage Laboratory. The topsoil
samples were analyzed for organic mat-
ter, pH, and available phosphorus. The
available phosphorus was determined
using the Bray 1 soil test method [7].

The incubation studies were complet-
ed on topsoil samples amended with
phosphate fertilizer or paper mill residu-
als. Three replicates of each topsoil
amendment were prepared for each ana-
lytical time interval. Topsoil samples

V. Total phosphorus and phosphate, aluminum, calcium and iron in paper mill

residuals.

TToottaall TToottaall
PPaappeerr  mmiillll pphhoosspphhoorruuss,, pphhoosspphhaattee,, AAlluummiinnuumm,, CCaallcciiuumm,, IIrroonn,,
rreessiidduuaallss mmgg//kkgg kkgg//mmeettrriicc  ttoonn  aa mmgg//kkgg mmgg//kkgg mmgg//kkgg

PMR No. 1 3600 8.2 1900 130,000 1000
PMR No. 2 4000 9.2 1800 120,000 1100
PMR No. 3 7500 17.2 6800 35,000 1500
PMR No. 4 6300 14.4 8300 27,000 4100
PMR No. 5 4000 9.2 1200 8200 750

a Calculated kilograms of phosphate per metric ton (kg/metric ton).
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provided by the contributing mills. All five mills had primary
clarification and secondary biological treatment.The PMR con-
sisted of combined primary and secondary solids. General char-
acteristics of the mills providing the PMR are identified in TTaabbllee
IIIIII.

The topsoil samples used for this study represented major
soil groups within the service area of the land application pro-
grams. The selected topsoil samples included very strongly to
strongly acidic loamy sand, a neutral loam, and a slightly acidic
silt loam. TTaabbllee  IIVV includes a summary of the topsoil samples
and the land application programs they represented.

RESULTS
TTaabbllee  VV summarizes the total phosphorus and phosphate, alu-
minum,calcium,and iron concentrations in the paper mill resid-
uals.

TTaabbllee  VVII includes a summary of the analytical results on the
topsoil before amendment with fertilizer or paper mill residu-
als.

Table I summa-
rizes the incubation
study results for
samples receiving
phosphate fertiliz-
er. Table II summa-
rizes the results of
the incubation
study for samples
receiving paper
mill residuals.

DISCUSSION
The nutrient buffering capacity of the soils used in this study
was calculated for phosphate fertilizer (TTaabbllee  VVIIII). Similarly, the
nutrient buffering capacity of the soils amended with the paper
mill residuals was calculated (TTaabbllee  VVIIIIII).

A significantly greater amount of phosphate from paper mill
residuals is required to raise the soil phosphorus content
(Table VIII) as compared to fertilizer (Table VII). The data in
these tables can be used to calculate the phosphate fertilizer
value of the paper mill residuals.This is done using the follow-
ing equation:

PFV = (PF NBC ÷ PMR NBC) * PMR P

where:
PFV = phosphate fertilizer value, kg/metric ton

PF NBC = phosphate fertilizer nutrient buffering capacity,
mg/kg

PMR NBC = paper mill residual nutrient buffering capacity,
mg/kg 

PMR P = paper mill residual phosphate, kg/metric ton.

TTaabbllee  IIXX includes the phosphate fertilizer value for the first
growing season. Most nutrient management models accept only
the phosphate fertilizer value of an organic amendment for the
first growing season after application.The phosphate fertilizer
value for loamy sand is separated from the loam and silt loam
because sand and loamy sand nutrient buffering capacities typ-
ically differ from other soil textures.

TTaabbllee  XX summarizes the results of the companion field plot
study conducted by the University of Wisconsin Extension.
Although the soil nutrient buffering capacity was found to be
relatively low in the field plot study, the relationship between
the treatments receiving fertilizer and those amended with
paper mill residuals was similar to the relationship developed in

the incubation study. The low nutrient
buffering capacity of the silt loam may
have been skewed by carry-over of phos-
phorus from manure applications in pre-
vious years [8]. The phosphate fertilizer
value calculated from the field plot data
is 9.8 kg/metric ton, or 90% of the labo-
ratory results.

Although not substantiated by this
study, a portion of the increase in paper
mill phosphate fertilizer value over time
may be related to mineralization of organ-
ic phosphorus in secondary solids. PaperIX. Paper mill residuals phosphate and first year phosphate fertilizer value. 

TToottaall TToottaall
pphhoosspphhoorruuss pphhoosspphhaattee PPhhoosspphhaattee  ffeerrttiilliizzeerr  vvaalluuee  ooff
ooff  ppaappeerr  mmiillll ooff  ppaappeerr  mmiillll ppaappeerr  mmiillll  rreessiidduuaallss,,  kkgg//mmeettrriicc  ttoonn

PPaappeerr  mmiillll rreessiidduuaallss,, rreessiidduuaallss,, LLooaammyy LLooaamm  oorr
rreessiidduuaallss mmgg//kkgg kkgg//mmeettrriicc  ttoonn ssaanndd ssiilltt  llooaamm

PMR No. 1 3600 8.2 0.9 1.4
PMR No. 2 4000 9.2 0.5 —
PMR No. 3 7500 17.2 — 10.9
PMR No. 4 6300 14.4 4.5 2.2
PMR No. 5 4000 9.2 3.8 2.2

VIII. Nutrient buffering capacity of soils amended with

paper mill residuals.

NNuuttrriieenntt  bbuuffffeerriinngg  ccaappaacciittyy
PPaappeerr  mmiillll ooff  ppaappeerr  mmiillll  rreessiidduuaallss  aa

rreessiidduuaall TTooppssooiill 1166  WWeeeekkss 3322  WWeeeekkss
PMR No. 1 Loamy sand - 1 93 62
PMR No. 1 Loam 53 No data
PMR No. 2 Loamy sand - 1 205 52
PMR No. 3 Silt loam 11 6
PMR No. 4 Loamy sand - 2 29 27
PMR No. 4 Loam 58 20
PMR No. 5 Loamy sand - 2 22 No data
PMR No. 5 Loam 37 21

a Kilograms per hectare of phosphate fertilizer to raise soil phosphorus 1 mg/kg.

VI. Phosphorus, organic matter content, and pH of topsoil

before amendment.

IInniittiiaall  ssooiill  tteesstt OOrrggaanniicc ppHH,,
pphhoosspphhoorruuss,, mmaatttteerr,, ssttaannddaarrdd

TTooppssooiill mmgg//kkgg  PP %% uunniittss
Loamy sand - 1 9 2.1 4.7
Loamy sand - 2 8 2.1 5.0

Loam 32 3.8 7.1
Silt Loam 78 2.9 6.4

VII. Nutrient buffering capacity of

soils receiving commercial fertilizer. 

NNuuttrriieenntt  bbuuffffeerriinngg
ccaappaacciittyy  ooff  ffeerrttiilliizzeerr

TTooppssooiill aatt  1166  wweeeekkss aa

Loamy sand - 1 10
Loamy sand - 2 9

Silt loam 7
Loam 9

a Kilograms per hectare of phosphate fertilizer 
to raise soil phosphorus 1 mg/kg.
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mill residuals PMR Nos. 3, 4, and 5 had a
secondary solids component exceeding
200 g/kg. Organic phosphorus in amend-
ed soil mineralizes much like organic
nitrogen [9]. As the organic phosphorus
mineralizes, some becomes plant-avail-
able. The mineralized organic phospho-
rus and any initial mineral phosphorus in
paper mill residuals are absorbed to min-
eral soil surfaces or it precipitates, which
is referred to as fixation. Havlin, et al. [9]
state the fixation of phosphorus in acidic
soils is associated with the formation of
secondary iron and aluminum minerals
or absorption to surfaces of iron and alu-
minum oxides and clay. In neutral to alka-
line soil, the phosphorus precipitates as
secondary calcium and phosphorus min-
erals or it is absorbed onto clay and cal-
cium carbonate.Arai, et al. [10] identified
the mineral relationships to phosphorus
solubility.They state that the most effec-
tive means to reduce labile phosphorus
concentrations is to maintain pH near
neutral and to have effective absorbents,
such as iron and aluminum minerals.

Research by Maguire et al. (2000) has
shown that aluminum, calcium, and iron
in municipal biosolids limit phosphorus
availability. Their work indicates the
phosphate fertilizer value of the munici-
pal biosolids is low relative to fertilizer.
TTaabbllee  XXII includes a comparison of phos-
phorus, aluminum, calcium, and iron in
paper mill residuals and municipal
biosolids. The phosphorus and metal
concentrations in paper mill residuals
varies considerably, which is attributed
to differences in papermaking and waste-
water treatment processes. Several paper
mill residuals have calcium and alu-
minum concentrations that exceed those
reported for municipal biosolids,but iron
levels are substantially less.This compari-
son suggests that the findings of Maguire
et al. [3] should apply, to some degree, to
paper mill residuals.The findings of Arai
et al. [10] also help explain the relatively
low phosphate fertilizer value of paper

mill residuals. The high calcium content
of many paper mill residuals will neutral-
ize soil pH, and the aluminum and iron in
paper mill residuals are effective phos-
phorus absorbents.

CONCLUSION
Long-term incubation studies were com-
pleted to determine the phosphate fertil-
izer value in paper mill residuals. On a
comparative basis, the incubation study
results found the phosphate in paper mill
residuals did not raise soil phosphorus as
much as an equivalent quantity of fertil-
izer phosphate. The incubation studies
found that phosphorus continues to be
released from paper mill residuals over
two growing seasons. The results varied
by papermaking and wastewater treat-
ment processes. Facility specific phos-
phate availability studies are required to
determine phosphate fertilizer value for
nutrient planning.

The field plot study results identified a
similar relationship of phosphorus fertil-
izer value in PMR No. 3 as compared to
phosphate fertilizer.

The results indicate that laboratory
incubation studies provide a good indica-
tion of the availability of phosphate from
paper mill residuals; however, results
from multi-year controlled field experi-
ments should be considered for data ver-
ification. TJ
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INSIGHTS FROM THE AUTHOR
In the last decade there has been a movement in the
agricultural community to control phosphate applied to
farm fields to reduce the effects on surface waters. I
was concerned requirements to reduce phosphate
loading to agricultural fields would limit land applica-
tion of paper mill residuals. I completed the research to
develop a method to quantify the phosphorus fertilizer
value of paper mill residuals, which could be used to
properly manage their application under the new
requirements. 

Researchers have initiated studies of the phosphate
contributions of municipal biosolids to farm land and
found that only a fraction of the phosphate in the
biosolids was recovered by soil tests. They attributed
this to fixation to metals, such as calcium, aluminum,
and iron. This research also found that only a small per-
centage of the total phosphate in paper mill residuals

was recovered in soil tests, which could be attributed
to the same metals.

I found it interesting that most paper mill residuals
had a very low phosphate availability and somewhat
surprised at the variability of results between facilities. 

I think the testing procedure and results will be of
value to any paper mill that land applies paper mill
residuals, especially those where phosphate controls
are already in place.

I believe it would be of interest to
evaluate a wider range of papermak-
ing facilities and to provide additional
confirmation of laboratory test results
with field trials.
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