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Abstract

Dairy processing wastewater treatment sludge (DPWTS) is applied to grassland to recycle valuable nutrients and organic mat-
ter. Until recently the chemical composition of the dominant DPWTS types (calcium, aluminium or iron rich) was unknown,
but the latest study (Ashekuzzaman et al. in J Clean Prod 230:1266-1275, 2019) indicates that DPWTS has high nitrogen
(N) and phosphorus (P) content and their inherent chemical properties may influence their availability and losses. Herein
for the first time edge of field-losses and plant-available P changes are simulated in an agitator test 48 h after application. In
terms of overall losses, metals are not of concern across treatment types, iron-rich DPWTS has the highest losses in terms
of concentration of ammonium-N and carbon, whereas calcium-rich DPWTS has the highest dissolved reactive P (DRP)
losses but lowest losses of ammonium-N and carbon. The loss of DRP was found to be strongly positively associated with
the increase in water-extractable P, degree of P saturation, Morgan’s and Mehlich-3 extractable phosphorus (P, M3-P),
respectively. Runoff concentrations presented here represent edge of field-losses and may not represent final concentrations
entering a surface waterbody. In terms of plant-available P, there were no negative effects with P, exhibiting a positive trend
across DPWTS types and soils. In particular, a significant increase was found for the calcium-rich DPWTS across all soils
(average increase in P, by fivefold). As applying DPWTS to grassland is an understudied area, further field trials should
focus on emissions to air and water and examine the fertilizer value from N and P perspectives. Thus a better management
of DPWTS as fertiliser can be maintained from an agronomic and environmental context.
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Introduction

As a by-product of the dairy food industry’s wastewater
treatment process, significant volumes of “dairy process-
ing wastewater treatment sludge (DPWTS)” are applied to
agricultural land as an organic fertilizer for crop produc-
tion (Britz et al. 2006). Although land application is seen
within the dairy industry as only a short to medium term
solution for disposal of DPWTS, it may continue in many
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countries, e.g. Ireland for some time. For example in that
country, 63% of the DPWTS is land spread, 13.6% is used
for composting, and the remaining is removed by licensed
contractors (Ryan and Walsh 2016). Recent study showed
that the annual generation of DPWTS in Ireland has been
significantly increased from ~91,000 to 126,718 tonnes (wet
weight) between the year 2012 and 2017 (Ashekuzzaman
et al. 2019). This increase is consistent with the processing
of more raw milk by the dairy processors in Ireland after the
abolition of European milk quotas in 2015. Land application
of DPWTS benefits farmers by supplying cheap source of
nitrogen (N), phosphorus (P) and potassium (K) for crop
production, which may provide an excellent opportunity to
reduce using chemical fertilisers and improving profit mar-
gins. However, this needs to be done without any possible
adverse impacts associated with land spreading practice. For
example, land spreading of organic fertilisers such as ani-
mal slurry/manure, biosolids (treated sewage sludge) and
DPWTS may pose the risk of accumulation of nutrients or
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metals in soils, and subsequent runoff and leaching losses
to water bodies that can damage the aquatic ecosystem, e.g.
causing eutrophication (Peyton et al. 2016). This can hap-
pen due to the long-term and over application of bio-based
fertilisers to limited regional land areas, where the relevant
production process is intense.

In the European Union (EU), agricultural land spread-
ing is regulated to comply with the waste management and
nutrient application regulations like “EU Good Agricultural
Practice for the Protection of Waters” [the Nitrates Regula-
tions (S.I. No. 31 of 2014)] and “Waste Management (Use
of Sewage Sludge in Agriculture) Regulations” (S.I. No. 148
of 1998). The application rate is typically determined by pH,
metal and nutrient content of the soil, and the nutrient and
metal content of the biosolids as per limits recommended
in the “Codes of Good Practice for the Use of Biosolids
in Agriculture” (Fehily Timoney Company 1999). Com-
monly, P is considered to be the limiting factor to estimate
a legal application rate when applying biosolids and cattle
slurry as organic fertiliser (Lucid et al. 2013). For example,
P application rate of 40 kg ha™! annually is recommended
for grassland in Ireland at a low Morgan’s P Index soil such
as P index 1 (up to 3 mg-P L™! in soil) considering silage
production where Morgan’s P provides the P index system
in Ireland to describe soils with plant-available P (Teagasc
Greenbook 2016). It was estimated that DPWTS applica-
tion rate of 1 tonne DM ha™! year™! (assuming median P
concentration in DPWTS) would supply approximately
40 kg total P ha~! without any harmful increase in concen-
trations of metals (chromium, copper, nickel, lead and zinc)
in grassland pasture (Ashekuzzaman et al. 2019). However,
the plant-available P from DPWTS is yet uncertain and it
was observed to vary widely for different organic fertilisers
(e.g. 100% for cattle slurry and 40% for biosolids) (Teagasc
Greenbook 2016; Sullivan et al. 2015).

The risk of P runoff from land spreading of DPWTS can
be associated with chronic (long-term, due to the build-up of
nutrients in soil) and/or incidental (short-term within 48 h of
application) losses due to episodic rainfall events (Brennan
et al. 2012). Incidental losses (the focus of this study) occur
when a rainfall event interacts shortly with inorganic and
organic fertilisers spread on the land surface. The study with
dairy cattle slurry and four types of treated biosolids showed
that incidental losses of P, N and metals were highest in the
first 24 h runoff after application compared to the losses in
48 and 360 h rainfall runoff (Peyton et al. 2016). The cur-
rent legislation in Ireland restricts farmers not to apply slurry
if heavy rain is forecasted within 48 h of application which
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means the 24 h runoff losses represent a worst-case scenario.
In terms of P loss, dissolved reactive phosphorus (DRP) was
one of the dominant losses, while N losses were dominant by
ammonium-N (NH,-N) (Peyton et al. 2016). Such losses may
pose a significant risk to water quality by causing ecological
imbalance (e.g. depletion of oxygen, production of toxin from
some harmful algal blooms) in water bodies (Ashekuzzaman
and Jiang 2018). For example, 38% of the EU water bodies
are at high risk from agricultural pollution (FAO 2017), and
agriculture was the plausible cause in 53% of river pollution
in Ireland in the period 2010-2012 (EPA 2015). In Ireland,
the fourth Nitrates Action Programme (NAP), effective from
2018 to 2021, prioritized new measures to lessen nutrients (N,
P) transport pathways to water bodies arising from farmland
for preventing and reducing water pollution (DAFM 2017).

However, there are no data yet available on the potential
runoff losses of nutrients (N, P), metals and carbon associ-
ated with land spreading of DPWTS. Although metals in
DPWTS were found to be significantly lower than the EU
limit for agricultural land application (Ashekuzzaman et al.
2019), their migration potential and concentrations from the
surface applied soil to runoff need to be quantified to compare
with water quality metal limits. The runoff of carbon from
agricultural sources may become a potential threat of forming
disinfectant by-products such as trihalomethanes (THM) and
other known carcinogens in the public drinking water treat-
ment facility when a fraction of total organic carbon reacts
with added chlorine (Lentz and Lehrsch 2014). Data pertain-
ing to DPWTS, water and soil interactions at the micro scale
are important to investigate nutrient, carbon and metal dynam-
ics during this interaction. Losses from soil and an organic
fertilizer to the overland flow pathway can be examined under
laboratory controlled conditions using an agitator test devel-
oped by Mulqueen et al. (2004). In an agitator test, an intact
soil core is placed in a beaker (with or without receiving
surface applied DPWTS) and is overlain with continuously
stirred water simulating overland flow. This simple method
has already been used to investigate the mitigation of dissolved
reactive phosphorus in overland flow after amendment of dairy
cattle slurry (Brennan et al. 201 1b), dairy soiled water (Fenton
et al. 2011) or pig slurry (O’Flynn et al. 2012) with different
chemical amendments.

Therefore the objectives of the present study were to use
a laboratory agitator test to quantify losses of nutrients (N,
P), carbon and metals in runoff and to assess any changes to
plant-available P across treatments. Grassland soils represent-
ing well, moderate and poor drainage classes were selected and
combined with DPWTS treatments in a replicated agitator test.
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This research was carried out during the year 2017 at the Tea-
gasc Environment Research Centre laboratory at Johnstown
Castle, Co. Wexford in Ireland.

Materials and methods
Soil selection and characterisation

For the agitator tests, intact topsoil cores (n =48) repre-
senting three target drainage classes were identified using
diagnostic features of the soil profile to 1 m and then col-
lected using the soil map (1:25,000) for the Johnstown
Castle Research Farms (latitude 52° 17'N, longitude 6°
29'W) in the southeast of Ireland. A random 1 m? area
was selected within the designated fields and a composite
topsoil sample (2 kg) was taken, oven-dried at 40 °C for
72 h and crushed to pass a 2-mm sieve.

The soils used in the present study were characterised
in terms of their physical and chemical attributes (see
Table 1). Particle size analysis using the pipette method
was conducted on these samples and the corresponding
sand-silt—clay% and textural classes were documented.
The remaining composite soil sample was used for chemi-
cal characterisation. Plant-available P is measured with
Morgan’s P (P,)) extracting solution (Morgan 1941), which
provides the P index system in Ireland to describe a soils
plant-available P status and to estimate a legal P appli-
cation rate when applying biosolids and cattle slurry as
organic fertiliser (Teagasc Greenbook 2016; Brennan et al.
2011a). The simple water-extractable P (WEP) test was
conducted on samples using 100:1 deionized water-to-soil
solution according to Kleinman et al. (2007). This test is
a good indicator of dissolved reactive P to be lost during
runoff. Another parameter often used to estimate risk of
P losses from soils is the degree of P saturation (DPS). It
is calculated as follows using Eq. 1 (O’Flynn et al. 2018;
Maguire and Sims 2002):

M3P x 100

DPS(%) = —— 2
(%) = N3AI+ M3Fe

(H
where Mehlich-3 (M3) extracting solution (Mehlich 1984)
was used to analyse M3-P, M3-Al, M3-Fe and M3-Ca
(mmol kg_]).

Also, total concentrations of P, Al, Fe, Ca and trace
metals (arsenic (As), cadmium (Cd), chromium (Cr), cop-
per (Cu), nickel (Ni), lead (Pb), zinc (Zn)) in soil were
analysed using the microwave-assisted acid digestion
method (USEPA 1996). Soil pH was determined using a
pH probe (Jenway 3510 pH meter) and a 2.5:1 ratio of
deionized water-to-soil. Soil organic matter (OM) was
determined by loss on ignition using B.S. 1377-3 method
(BSI 1990).

Table 1 Generic soil physical and chemical properties from well, moderate and poor drained sites

Texture

Silt (%) Clay

Sand
(%)

Ca®

Fe

P® (mg/ Al°

M3P* M3AI° M3Fe® M3Ca°

(mg/L)

P index P!

DPS¢

WEP
(mg/kg) (%)

Soil pH OM (%) TOC

(%)

(mg/
kg)

(mg/

kg)

(mg/
kg)

(mg/kg) (mg/kg) (mg/kg) (mg/kg) kg)

(%)

Sandy

4.5

116 724 315 1707 1169 12,028 14,230 3107 65.3 20.2 1

11.8

24 11.5

3.6

S01 6.6 9.3

loam

18.7 571 490 1153 525 14,102 13,333 1643 47° 36° 18° Sandy silt
loam®

2.5

3.1

S02 6.1 8.9

732 313 1178 814 16,945 17,650 1823 55 28.9 16.1 Sandy

53.8

35

6.4

10

22

S03 6.3 6.7

loam

“Morgan’s extractable phosphorus

®Peyton et al. (2016)

“Mehlich-3 extractable phosphorus, aluminium and iron

4Degree of phosphorus saturation

“Total content

@ Springer



3958 International Journal of Environmental Science and Technology (2020) 17:3955-3968

In summary from Table 1, the generic physical and
chemical properties of the three mineral soils chosen
were as follows: Soil-01 (SO1) was a well-drained sandy -
loam (65.3% sand, 20.2% silt, 14.5% clay) with a soil test
P (STP) of 11.7 mg L~! (P Index 4), s0il-02 (S02) was
poorly drained sandy silt loam (47% sand, 36% silt, 18%
clay) with STP of 2.5 mg L™ (P Index 1), and s0il-03
(S03) was moderately drained sandy loam (55% sand,
28.9% silt, 16.1% clay) with STP of 3.5 mg L™' (P Index
2). All three soils were within optimal pH ranges (6.1 to
6.6) for grassland mineral soils i.e. ~ 6.2 (Teagasc Green-
book 2016).

4.0 (0.05)

5.4(0.01) 1.9(0.04)

5.0
0

Na

0.17 (0) 3.7 (0.02) 3.1(0.03)

0.02
0)
0.04
)

Mn

5.1 (0.06)
63
(0.04)

2.6 (0.02)

Mg

2.

Dairy processing wastewater treatment sludge
(DPWTS)

(0.04)

94.4
0.07)

©

Fe
10.5(0.3) 1.44

Three types of DPWTS samples were targeted in this study
representing the main DPWTS applied to land in Ireland.
Each DPWTS type was collected from a different process-
ing plant: (1) Ca—P-rich lime-treated sludge (Ca-DPWTS),
(2) Al-rich activated sludge (AlI-DPWTS), and (3) Fe-rich
activated sludge (Fe-DPWTS), which are representative of
the major DPWTS only recently characterised by Ashek-
uzzaman et al. (2019). The activated sludge is generated
after dairy food processing wastewater being treated by aera-
tion and a biological flocculation with alum or ferric salt
(aluminium or iron flocculent) dosing. On the other hand,
lime-treated Ca—P-rich sludge is generated after dissolved air
floatation (DAF) technique of treating dairy wastewater rich
in fats, oils and greases. The samples (~ 2 kg) were collected
in plastic containers with screw top lids and transferred to
the Teagasc, Environmental Research Centre, Johnstown
Castle for analysis. The samples were stored in a cold room
at 4 °C and subsequently prepared for dry matter (DM),
OM, pH, nutrients and metal analysis following standard
analytical methods. For example, the DM and OM were
determined using the standard gravimetric method 2540 G
(APHA 2005). Sludge pH was determined in a 1:2.5 (w/v)
ratio of fresh sludge to deionised water solution (making
up to 25 mL) by Jenway 3510 pH meter after 1 h of mixing
at 20 rpm by an end-to-end shaker. The concentrations of
nutrients [P: 20.0 to 74.8 g kg™ DM, K: 6.1 to 11.6 g kg™!
DM, magnesium (Mg), sulphur (S), sodium (Na), and cal-
cium (Ca)] and metals [arsenic (As), cadmium (Cd), chro-
mium (Cr), copper (Cu), nickel (Ni), lead (Pb), zinc (Zn),
aluminium (Al), iron (Fe), cobalt (Co), molybdenum (Mo)
and manganese (Mn)] were determined by an Agilent 5100
synchronous vertical dual-view inductively coupled plasma
optical emission spectrometer (Agilent 5100 ICP-OES)
following the microwave-assisted acid digestion of freeze
dried powder samples (USEPA 1996). Also, freeze dried
samples were analysed for total carbon [TC, ranged from
27.6 to 37.2% of DM)] and total nitrogen (N, ranged from

Al
0.5(0.01) 03
0.27 (0)

(0.24)

1.2 (0.04) 36.6
(0.03)

60.3
(0.25)

NH,-N TON WEP Ca
<0.1 1.3(0.02) 142.0
)
<0.1

6.9 (0.04) 1.5

©

11.6 (0.3) 4.9(0.03) <0.1 0.1 (0)

6.1 (0.08) 0.7

(0.13)

N

pH Nutrient and other elemental composition (g kg™! DM)

P
6.2 449 74.8(0.5)
6.8 62.6 20.0(0.1)

7.1 59.7 35.7

TC
(% DM)

oM
(% DM)

55.7(0.2) 27.6
79.7 (0.4) 37.2
60.6 (0.1) 29.4

22.3(0.3)
13.1(0.2)
(0.03)

DM
(% wt.)
18.4

TON total oxidized nitrogen, DPWTS dairy processing wastewater treatment sludge, Ca-DPWTS calcium-phosphorus-rich lime-treated sludge, AI-DPWTS aluminium-rich activated sludge, Fe-

Values presented as average values (+ standard deviation) for different parameters
DPWTS iron-rich activated sludge

Table 2 Characterization of dairy processing sludge

DPWTS

Al-
DPWTS

Fe-
DPWTS

Source
Ca-

]
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44.9 t0 62.6 g kg~' DM) by the high-temperature combus-
tion method using a LECO TruSpec CN analyser. A full
summary DPWTS characterisation can be seen from Table 2
whereby the DPWTS composition reflects the processing
stream it originates from. For example, Ca-DPWTS is high
in Ca due to lime treatment, AI-DPWTS is high in Al due
to the use of alum-based coagulant within the wastewater
treatment process, and the same is true for Fe-DPWTS as
this is high in Fe. An important consideration to note is that
these DPWTS waste streams change over time as technolo-
gies within the processing plant could negate or minimise
the use of coagulants for achievement of discharge licence
targets e.g. biological removal of P. In terms of P content,
the Ca-DPWTS is the highest, but the availability of this P
to the plant versus the environment is unknown. In terms of
heavy metals, all DPWTS are below EU regulatory limits
(supplementary Table S2).

Agitator test

Such a test was introduced by Mulqueen et al. (2004) and
has been used by others to examine runoff losses after a
single application of organic fertilizer e.g. dairy cattle slurry
and municipal wastewater treatment plant-derived biosolids
(i.e. treated sewage sludge) (e.g. Lucid et al. 2013; O’Flynn
et al. 2012; Fenton et al. 2011). In an agitator test, organic
fertiliser like DPWTS can be applied on the surface of the
soil with the provision to dry, interact with soil, and then
subjected to overland flow (Fig. 1). This test simulates the
interaction between applied DPWTS and soil, and the effect
of infiltration and skin formation on the release of nutri-
ents, carbon and metals to surface runoff. So, runoff con-
centrations presented here represent edge of field-losses and
may not represent final concentrations entering a surface
waterbody.

Within the validated 1 m? areas representing well, mod-
erate and poorly drained soils 16 intact soil cores were
extracted using aluminium rings (50-mm high and 80-mm
diameter). The soil cores were inserted into 1-L capacity
glass beakers. Wax was then heated and poured in the gap

Fig. 1 The agitator test set-up a (a)
1 L capacity glass beakers with
DPWTS added soil cores and
gaps sealed by wax and b set-up
of single test run including four
treatments in the flocculaor

\7 :
' Soil & DPWTS

ke

to form a seal. The soil core depth of 40—50-mm in the beak-
ers was considered sufficient to include the full depth of
influence on release of P to runoff (Mulqueen et al. 2004).
The beakers were kept at room temperature for 1 day before
starting the agitator test experiment. The application rate
of DPWTS samples to soil was 1 ton DM ha~!, which was
considered to be within the safe limit of sludge application
to agricultural land by the EU regulation (EC 2001). This
application rate provided a P application rate of between 20
and 74.8 kg ha™! (Table 3).

In the present study, the agitator test comprised 12
treatments in triplicate, where a single test incorporated
four treatments—a grassed soil only (study control, e.g.
S01) and grassed soil receiving three DPWTS samples,
e.g. S01 + Ca-DPWTS, SO1 + Al-DPWTS, and SO1 + Fe-
DPWTS. Thus the treatments included the interactions
among 3-s0il X 3-DPWTS samples to investigate potential
losses of nutrients, C and metals in runoff but also ena-
bled the accumulation in soil to be examined. At =0 h
the DPWTS treatments were applied to the soil surface
with a spatula and were left to stand and dry for 24 h.
The treatments were then saturated by gently adding
deionized water to the soil sample intermittently until
ponding occurred implying saturated conditions (over
24 h). The present experiment examined incidental losses
48 h after application which mimics the current regu-
lations pertaining to rainfall forecasts. After saturation

Table 3 Application rates of three dairy processing sludge samples

Ca-DPWTS AI-DPWTS Fe-DPWTS

Application rate (t DM/ha) 1 1 1

Fresh mass (g) 2.25 3.84 2.73

DM (g) 0.5 0.5 0.5
Treatment surface area (m?) 0.005 0.005 0.005

P application rate (kg/ha) 74.8 20 35.6
Ca-DPWTS calcium—phosphorus-rich  lime-treated sludge, Al-

DPWTS aluminium-rich activated sludge; Fe-DPWTS iron-rich acti-
vated sludge. DPWTS dairy processing wastewater treatment sludge

* @ Springer
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(t=48 h), 500 mL of deionized water was added to the
beaker to create a contact between soil, DPR and runoff.
To simulate movement, the agitator paddle was lowered
to mid-depth in the overlying water and rotated at 20 rpm
for 24 h. Thus, nine agitator test runs were conducted to
assess the interactions among 3-so0il X 3-DPWTS samples
including 3 replications for each treatment, where each
test run included four treatments (Fig. 1).

Water samples (4 mL) were taken from mid-depth of
the runoff water overlying the soil at 0.25, 0.5, 1, 2, 4, 8
and 24 h after 48 h of each test (i.e. after the 500 mL was
added). All samples were filtered immediately after sam-
ple collection using 0.45-um filters and kept at 4 °C for
1-2 days prior to being analysed colorimetrically (APHA
2005) for dissolved reactive phosphorus (DRP) and min-
eral nitrogen [total oxidized nitrogen (TON), nitrite
nitrogen (NO,-N), ammonium nitrogen (NH,-N)] using
a Aquakem 600 Discrete Analyser. The concentration of
nitrate-nitrogen (NO;-N) was calculated by subtracting
the concentration of NO,-N from TON. After 24 h of
simulated runoff, water samples were also analysed for
total phosphorus (TP), total nitrogen (TN), total carbon
(TC), total organic carbon (TOC), and heavy metals such

as Cd, Cr, Cu. Ni, Pb and Zn. These parameters were
determined according to the standard methods for the
examination of waters and wastewater (APHA 2005).
The DRP, NH,-N and NO;-N concentrations were used to
calculate the mass of these parameters in the water over-
lying the soil samples in the beaker, taking into account
the water volume reduction as the test progressed. Soil
samples after 24 h of runoff study were also analysed for
desired parameters as described in Sect. 2.1.

Statistical analysis

Significant differences (statistically significant when
p <0.05) in the treatment groups of three soils by three
DPS interactions for desired parameters were assessed by
one-way analysis of variance (ANOVA) and Kruskal-Wallis
test, respectively, for normal and non-normal data. The Sha-
piro—Wilk test was used to assess the distribution of dataset
for the measured soil parameters. Correlation analysis (Pear-
son’s product-moment correlation for normal distributions
and Spearman’s rank order correlation for non-normal data)
was performed to identify the association between different
soil parameters.

Table 4 Soil parameters without (soil only)/with (soil+ DPWTS) the addition of three DPWTS samples—A calcium—phosphorus-rich lime-
treated sludge, B aluminium-rich activated sludge, C iron-rich activated sludge, respectively

Effect on SO1 soil

Effect on SO2 soil

Effect on SO3 soil

Parameters S01/S01+ A/S01+B/S01+C
P,, (mg/L) 11.0%/33.4%18.7%/16.4%
M3-P (mg/kg) 124%169%156%/144%°
M3-Al (mg/kg) 745/759/732/746

M3-Fe (mg/kg) 334/319/345/336

M3-Ca (mg/kg) 1788/1801/1896/1856

P (mg/kg) 1144%/1253%/12212/1425°
Al (g/kg) 10.6/11.2/9.4/9.9

Fe (g/kg) 12.8/13.2/11.9/13.1

Ca (g/kg) 2.7/2.9/2.8/2.9

DPS (%) 11.9%16.1°/15.1%/13.9%
WEP (mg/L) 0.29/0.39/0.35/0.36

TC (% DM) 5.5%5.0%6.4%/5.0

TOC (% DM) 4.0/4.0/4.2/4.6

pH 6.7/6.6/6.7/6.6

S02/S02+ A/S02 +B/S02+C
3.2%/33.9%/7.4%/6.1%
33.3%/84.8°/48.0%%/39.1%°

532/567/553/561
458/453/4477/472

1275/1309/1326/1147
707°/892%/718*/656"
11.74/14.3%/12.4°/9.4°
12.1/12.1/12.1/11.4

1.8/2.1/1.9/1.6

3.9%/9.4%/5 42bc/4 32¢
0.19/0.28/0.22/0.16

5.9/5.1/6.2/6.0
4.8/4.9/5.0/4.3
6.2/6.2/6.2/6.2

S03/S03 + A/S03 +B/S03+C
4.3%21.4%/6.0°%/6.0%°
54.3%/86.6°/64.8%/63.1%°

688/696/707/715
307/317/318/316

1221/1182/1259/1422

850/988/903/881

16.7%/16.9%/17.5%/14.5°

17.4/17.9/18.0/16.6
1.8/1.9/1.8/1.9
5.7%/8.9%/6.6%%/6.4%
0.12/0.16/0.14/0.14
3.3/3.1/3.3/3.2
2.9/2.3/2.4/2.6
6.3/6.2/6.3/6.3

Statistical significance is compared within same soil type and is indicated by different superscript letter, for non-significance: same or common
or no superscript letter is present across the row (Kruskal-Wallis test with Dunn’s post hoc was used to assess if addition of DPWTS samples
had significant changes in the measured soil parameters across each soil category)

DPWTS dairy processing wastewater treatment sludge

]
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Results and discussion
Results
Soil

The changes in the measured soil parameters across soil cat-
egory, i.e. different drainage class and soil P index due to
interaction with 3 DPWTS samples, are presented in Table 4.
In terms of extraction methods, P, showed a positive trend
across DPWTS treatments and soil drainage classes, but a
significant increase (p <0.01) was only found for the Ca-
DPWTS (A) amendment across all soil drainage classes
(Table 4). The change in P, went from~ 11 to 33 (S01),~3
to 34 (S02) and~4 to 21 (S03) mg L~! after Ca-DPWTS
(A) application. For the Mehlich-3 extractable P (M3-P), the
same trend was observed with significant increases observed
for all soil types (S01-S02: p <0.01, S03: p <0.05) for the
Ca-DPWTS (A) amendment. Another significant increase
(» <0.05) was for SO1 in the AI-DPWTS (B) application
increasing from 124 to 156 mg kg™' (Table 4). There was a
trend of total extractible P increases, but no general signifi-
cant trend was found except significant increase in SO1 from
1144 to 1425 mg kg~! by Fe-DPWTS (C) application. For
S02 (low P index soil), total P increase was positive for Ca-
DPWTS (A) and AI-DPWTS (B) amendment but negative
for Fe-DPWTS (C). This could point to no overall change
in total P but instead a change in the P distribution during
the test.

In addition, the amendment with three DPWTS samples
generally changed the status of total and Mehlich-3 extract-
able Al, Fe and Ca concentrations across soil types with an
increasing trend (not significant). The degree of P saturation
(DPS in %) was increased overall across soils from sludge
applications, but this was significant for Ca-DPWTS (A)
amendment only (e.g. 11.9 to 16.1 in SO1 (p <0.05), 3.9 to
9.4 in S02 (p<0.01) and 5.7 to 8.8 in SO3 (p <0.05)). This
can be explained by the similar trend of significant increase
in P, and M3-P across the studied soils for Ca-DPWTS (A)
application. The WEP was found to be strongly correlated
with the increase in both P, (r,=0.732, p <0.001) and M3-P
(r,=0.754, p <0.001) across soils due to sludge application.
An overall increasing trend (not significant) for WEP across
soil types was observed due to the amendment with sludge
(Table 4). This trend was highest for the Ca-DPWTS (A)
application with an average 38% increase in WEP across
soils followed by 18% and 8% increase for AI-DPWTS (B)
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Fig.2 Simulated runoff of DRP from the DPWTS and soil interac-
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dissolved reactive phosphorus; DPWTS: dairy processing wastewater
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and Fe-DPWTS (C), respectively. For the TC, TOC and pH,
the changes across soils from sludge amendments were not
significant overall and remained quite similar to background
condition.

In terms of potential runoff WEP loss risks, the increas-
ing trends of P, M3-P and DPS across studied soils due
to amendment by DPWTS may have an effect on the likely
differences in DRP runoff concentrations that are likely to be
controlled by the soils buffering capacity and ability to bind
and store P. In terms of metal (As, Cd, Cr, Cu, Ni, Pb and
Zn) concentrations in DPWTS amended soils, no significant
increase found compared to soil-only concentrations across
soil and sludge types and also, these concentrations are sig-
nificantly lower in comparison with EU limit for metals in
soil (supplementary Table S3).

Runoff losses

In terms of DRP losses in runoff, the Ca-DPWTS (A) sludge
dominated runoff losses and the loss was significantly higher
for Ca-DPWTS (A) across soil types in comparison with
other sludge samples (Al-DPWTS and Fe-DPWTYS) (Fig. 2).
The losses ranged from 430 to 567 mg m~2 in the simulated
overland flow after 24 h from Ca-DPWTS (A) amended
soils, which is equivalent to 4.6 to 5.7 mg L~'of DRP runoff
loss. The DRP release from Ca-DPWTS (A) sludge across
all soils showed a consistent increase from 0.21 mg L™! at
15 min to about 5.7 mg L™! over a 24 h of simulated over-
flow. On the contrary, the DRP release in the simulated over-
flow from 15 min to 24 h was between ~0.5 and 74 mg m~>
(equivalent to 0.005 to 0.8 mg L) for the AI-DPWTS (B)
and Fe-DPWTS (C) application across soils and these DRP
concentrations were not statistically different (except Al-
DPWTS (B) amendment for SO3) than those measured from
soil-only control (i.e. SO1-S03). For AI-DPWTS (B) appli-
cation in S03, the DRP concentration in the 24 h simulated
runoff was 0.8 mg L™!, which is significantly higher than
that measured from S03 (0.05 mg L~"). Similarly in terms
of total P (TP) loss after 24 h, Ca-DPWTS (A) exhibited
significantly higher release between 4 and 6 mg L~! com-
pared to the 0.2 to 1.3 mg L™! across AI-DPWTS (B) and
Fe-DPWTS (C) sludge-amended soil and soil-only control
(e.g. 0.1 to 0.7 mg L™! across S01-S03) in runoff, respec-
tively (Fig. 4). The results pointed out that DAF (A) sludge
was the most concerning in terms of P runoff potential dur-
ing the rainfall event.
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In terms of NH,-N losses in the simulated runoff from
15 min to 24 h, a consistent increase in NH,-N concentra-
tion from~30 to 512 mg m~2 (equivalent to 0.3 to 5.5 mg
L~!) was observed across all soils due to sludge amendments
(except for AI-DPWTS (B) application in SO1), and these
concentrations were significantly higher than those of the
study control (e.g. 0.001 to 0.2 mg L™! across S01-S03)
(Fig. 3). AI-DPWTS (B) sludge showed opposite NH,-N
loss pattern in SO1 (well-drained) and S02 or S03 (poorly to
moderately drained). In the 24 h simulated runoff, NH,-N
loss was overall significantly higher due to sludge amend-
ment compared to soil-only control and this loss was high-
est for the Fe-DPWTS (C) (3.3 mg L) followed by Ca-
DPWTS (A) (2.7 mg L™!) and Al-rich (B) (2.6 mg L™},
respectively, considering the average loss across all soils.
These concentrations exceed the EU drinking water stand-
ards for NH,-N of 0.3 mg L™! and indicate the contamina-
tion of water (S.I. No. 122 2014). In terms of protecting
freshwater ecosystems, the trigger value of NH,-N to cause
aquatic toxicity starts from 0.2 mg L™! at pH=9.0 to 2.8 mg
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L~! at pH=6.0 as per guidance provided in the “Australian
and New Zealand Guidelines for Fresh and Marine Water
Quality” (ANZECC and ARMCANZ 2000).

For NO;-N loss, there is no trend over the duration of
the simulated runoff study and this is indicative of biologi-
cal transformation processes during the test (supplementary
Figure S1). The concentrations of NO;-N were in the range
between 4 and 28 mg m ™~ (equivalent to 0.04 to 0.3 mg L")
in the 24 h overlaying water across studied soil to sludge
interactions and these concentrations are below the indica-
tive guideline value of high (<0.9 mg-N L™!) and good
(< 1.8 mg-N L) quality river waters in Ireland, respectively
(EPA 2018). The concentrations of total N (TN) (between
1.8 and 7.9 mg L™}) in the runoff after 24 h supports that
N loss was mainly dominated in the form of NH,-N across
sludge-amended soils (supplementary Figure S2).

In terms of TC and TOC loss, the concentrations in the
24 h overlaying water showed an overall increasing trend
across soils due to sludge amendment (supplementary Figure
S2). The range of losses for TC and TOC was between 22
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and 63 mg L™ and 7 to 28 mg L~ across soil and sludge
interactions, while the range for soil-only control was
between 8 and 36 mg L™" and 3 to 20 mg L™, respectively.
The average highest TC and TOC loss were observed from
Fe-DPWTS (53.9, 21.5 mg L) followed by AI-DPWTS
(46.3, 17.9 mg L™!) and Ca-DPWTS (41.2, 17.4 mg L™}
applied soils. In particular, these concentrations were sig-
nificantly higher for all sludge amendments in SO3 than soil-
only control, whereas for SO1 and SO2 the significance var-
ied across sludge interactions. This might be related to the
lowest OM and TOC content of SO3 among the soil samples
(Table 1) and consequently, less loss of these (i.e. TC, TOC)
when associated with soil-only runoff (observed in the case
of S03 compared to SO1 and S02 associated TC and TOC
loss, supplementary Figure S2). So, the loss of TC and TOC
from SO3 was mainly associated with sludge amendment
while such significant loss was not observed from sludge-
amended SO1 and SO2 soils.

For metal (As, Cd, Cr, Cu, Ni, Pb and Zn) concentrations
in the simulated runoff after 24 h associated with sludge
amendment to soils, no overall significant increase was
found compared to soil-only concentrations and also, these
concentrations were significantly lower in comparison with
the WHO drinking water limit (supplementary Table S4).

Discussion

The results in this study are an indicative of potential inci-
dental losses of phosphorus, nitrogen, carbon and metals

from DPWTS applied land surface. The quantification of
such losses is important to assess perceived environmental
damage like water quality deterioration. However, a number
of factors like—quantity and type of bio-based fertiliser (e.g.
biosolids, manure) applied, rainfall occurrence timing after
fertiliser application, volume of runoff generated, antecedent
hydrologic conditions and field position, flow path length,
vegetation cover and surface slope potentially have influ-
ence on the magnitude of these losses (Brennan et al. 2012).
Currently, mainly four types of DPWTS exist depending on
the dairy wastewater treatment process, such as: (1) bio-
chemically treated activated sludge, (2) lime [calcium oxide
(CaO)]-treated dissolved air floatation (DAF) processing
sludge, (3) combined treated (using both biological-chemi-
cal and DAF process) sludge, and (4) anaerobically digested
sludge, which are compositionally rich in calcium—alumin-
ium or iron (Ca—Al or Fe), Ca—phosphorus (Ca—P), Ca—Al,
and Ca, respectively (Ashekuzzaman et al. 2019). In terms of
major nutrient content in DPWTS, N ranged from 20 to 70,
P ranged from 15 to 66, and K ranged from 3 to 7 g kg~ dry
weight, respectively. The N and P concentrations in DPWTS
are particularly higher than those generally observed in most
of the other commonly used organic fertilisers. For example,
median of N and P in DPWTS is 48.9 and 35.9 compared
to 36.1 and 14.6 in biosolids and 38.1 and 7.9 g kg~! dry
weight in cattle slurry, respectively (Ashekuzzaman et al.
2019). This suggests DPWTS could be an interesting feed-
ing material to develop novel bio-based fertiliser through
innovative scientific research due to its high N and P content.

Table 5 Comparison of potential DRP loss from different bio-based fertilisers

Bio-based fertilisers TP (mg kg™") Application WEP (mg kg1 DRP loss P loss poten- References

rate(kg P ha™?) (mg m~2) tial (%)
Cattle slurry 11,264 40 2.6 650 16.3 Brennan et al. (2011b)
Al-WTR-1 (11.1% Al) 234 40 2.5 480 12.0 Brennan et al. (2011b)
Al-WTR-2 (5.3% Al) 18.7 40 1.1 680 17.0 Brennan et al. (2011b)
Dairy soiled water 6454 0.7 - 69 98.6 Fenton et al. (2011)
AD biosolids 6916 22.8 74 22 1.0 Lucid et al. (2013)
TD biosolids 7600 22.8 413 148 6.5 Lucid et al. (2013)
LS biosolids 6332 329 301 28 0.9 Lucid et al. (2013)
Ca-DPWTS (14% Ca) 74,800 74.8 1300 567 7.6 This study
Al-DPWTS (1% Al, 3.7% Ca) 20,000 20 1200 74 37 This study
Fe-DPWTS (9.5% Fe, 6% Ca) 35,700 35.6 100 11 0.3 This study

DRP dissolved reactive phosphorus, TP total phosphorus, WEP water-extractable phosphorus, AI-WTR alum-based water treatment residuals,
AD anaerobically digested, TD thermally treated, LS lime stabilised, Ca-DPWTS calcium—phosphorus-rich lime-treated sludge, AI-DPWTS alu-
minium-rich activated sludge, Fe-DPWTS iron-rich activated sludge, DPWTS dairy processing wastewater treatment sludge
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Yet land spreading of DPWTS is the most common practice
across the EU for disposal management. The simple fact is
that although technological solutions are available to avoid
land application or at least minimise volumes, these methods
may still result in a by-product that needs to be land spread
or the technologies have not been successfully up-scaled to
operational scales (Arvanitoyannis and Giakoundis 2007;
Zhong et al. 2015; Slavoc 2017).

The DRP loss potential was found to be significantly dif-
ferent for different dairy processing sludge samples where
the highest DRP runoff was observed for Ca-DPWTS (A)
among the other two in this study. This was related to the
significant increase in P, M3-P and degree of P saturation
in Ca-DPWTS (A) applied soils. Figure 4 shows a strong
positive association of DRP loss with the increase in WEP,
DPS (degree of P saturation), P, and M3-P, respectively.
Also past studies showed that the soil test P (STP) deter-
mined by WEP, P, and M3-P have significant relation-
ship with the runoff DRP (Regan et al. 2010). In the pre-
sent study, P,,, M3-P and DPS were significantly increased
in all 3 soil types for Ca-DPWTS (A) sludge application
which resulted in significant DRP runoff (~5 mg L™"). In
comparison with Ca-DPWTS (A), DRP runoff from soil
S01 (P index 4, P,,=11.8 mg L~! which is highly likely
to release P and onto which P fertiliser application is pro-
hibited) was only 0.2 and 0.1 mg L™, respectively, for Al-
DPWTS (B) and Fe-DPWTS (C) sludge. Instead of DRP
loss trend, a decrease of 43% and 61% of DRP from Al-
DPWTS (B) and Fe-DPWTS (C) applied SO1 soils, respec-
tively, was observed when compared to SO1 only DRP loss
(0.3 mg L™!). Soils with P_ > 10 mg L™! are likely to loss
DRP in excess of 0.03 mg L~! which may lead to eutrophi-
cation (O’Flynn et al. 2018). The EU considers that lakes
with total P concentration <0.01 mg L™ are not at risk of
eutrophication, and rivers with total P concentration less
than 0.01-0.07 mg L~! are considered excellent waters (EC
2009). In Ireland, the water quality guideline of the EPA
states that average phosphate concentrations of <0.025
and <0.035 mg L™! are required in rivers to meet the legal
environmental quality standards of high and good ecological
health of rivers (EPA 2018).

Clearly, dairy processing sludge samples of Al- and
Fe-rich type were found to be much less prone to DRP
loss in comparison with Ca—P-rich sludge. In particular,
Fe-DPWTS with a P application rate of 35.6 kg ha™! did
not increase the runoff DRP across low to high STP (e.g.
P,=3to11 mg L") although DRP loss is very likely from
high STP soils, instead 55-72% of potential DRP loss was

avoided due to Fe-rich DPWTS application. When com-
paring the potential DRP losses from dairy sludge samples
including Ca—P-rich DPWTS to cattle slurry and dairy soiled
water or some alum-based water treatment residuals (Al-
WTR), the indicative losses in the present study are much
lower (Table 5). The content of Ca, Al and Fe in dairy sludge
is likely to contribute in retaining P, meaning no further
chemical amendments are required to control P loss when
DPWTS is applied to land, whereas such amendments have
been explored to control P loss from cattle slurry and found
to be expensive (e.g. Brennan et al. 2011a;b). Biosolids of
different types like thermally treated (TD), lime stabilised
(LS) and anaerobically digested (AD) were also observed
to pose much lower risk of DRP runoff compared to cattle
slurry (Table 5). For example, median highest DRP runoff
was quantified between 0.78 and 0.86 mg L~! for biosolids
and 7.0 mg L™! for dairy cattle slurry, respectively (Peyton
et al. 2016). For Al- and Fe-rich DPWTS in the present
study, DRP losses were determined to be 0.18-0.79 mg
L~! and 0.02-0.15 mg L™, respectively, and for Ca—P-rich
DPWTS 4.6-5.7 mg L™'. Although the highest DRP loss of
Ca—P-rich DPWTS could be related to the highest P appli-
cation rate (74.8 kg ha™") in this study, this trend was not
consistent for Al- and Fe-rich sludge. The findings reported
in Elliott and O’ Connor (2007) showed that the total P load-
ing rate (kg P ha™!) of different organic amendments such as
manures and biosolids cannot reliably indicate the P concen-
trations in runoff. The P-source loading rate when adjusted
with a factor that correlates better with dissolved P showed
increase in DRP runoff (Elliott et al. 2005). The WEP has
been reported to be an effective quantitative indicator of
dissolved P losses (Elliott et al. 2005; Leytem et al. 2004).
Likewise, the DRP runoff potential of DPWTS samples in
the current investigation followed the order of WEP (higher
to lower) which was Ca—P-rich > Al-rich > Fe-rich sludge.

The dairy sludge samples showed significant elevated
level of NH,-N concentrations in the runoff compared to the
study control, whereas NO;-N concentrations in the runoff
were negligible considering good river water quality guide-
line value ((< 1.8 mg-N LY. The observed average values
of NH,-N concentrations (2.6-3.3 mg L) in this study are
significantly lower than what would typically expect from
dairy cattle slurry (17.4 mg L™"). For different biosolids,
Peyton et al. (2016) also observed N losses dominated by
NH,-N runoff (e.g. 2.5-15.3 mg L"), while NO,-N loss was
not significant relative to the control.

The implications of TC and TOC loss to surface water
bodies are particularly important for drinking water
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treatment facilities due to the risk of forming disinfection
by-products like trihalomethanes (THMs). In Ireland, public
water supplies (about 82%) are mainly sourced from surface
waters which contain higher levels of organic matter com-
pared to ground waters (EPA 2012). THMs are likely to form
when chlorine (the most widely used disinfectant in Ireland)
reacts with organic matter in water, and the maximum total
concentration of THMs for drinking water has been limited
to 100 ug L™! (S.I. 278 of 2007). As a key indicator of form-
ing THMs, the TOC concentration is routinely monitored at
the drinking water treatment process and it was observed
that TOC > 4.0 mg L~ poses risk of exceeding THM con-
centration 100 ug L™! (EPA 2012). The average TOC runoff
potential from dairy sludge applied soils varied from 17.4
to 21.5 mg L™, which may pose significant organic carbon
transfer potential to surface waters.

In terms of overall losses, metals are not of concern
across treatment types, Fe-rich DPWTS has highest losses
of NH,-N and C, whereas Ca-P-rich DPWTS has highest
DRP losses but lowest losses of NH,-N and C. The Al-rich
DPWTS seems to be somewhere in between for all param-
eters measured. In terms of changes in plant-available P,
there were no negative effects in terms of DPWTS applica-
tion across treatments, and in the case of Ca-rich DPWTS
there was a significant increase in P, during the experi-
ment. Runoff from field trials which have received all three
DPWTS types should now be investigated under low P,
soil conditions using a rainfall simulator or natural rainfall
approaches. No single DPWTS provided a balanced agro-
nomic-environmental footprint. Therefore at field scale all
aspects of DPWTS should be investigated to form a holistic
(soil, water, air and fertilizer equivalent value in terms of P
and N and air) impression of DPWTS usage when compared
with inorganic or indeed other organic alternatives. Only
then can a farmer be given sound advice pertaining to the
sustainable use of these industrial by-products converting
them from a waste into an alternative organic fertilizer.

Conclusion

An agitator test is a quick method to elucidate nutrient, car-
bon and metal losses and changes to plant-available phos-
phorus in soils after a dairy processing sludge application.
Results showed that each DPWTS had its own profile in
terms of nutrient, carbon and metal losses to runoff. Further-
more, all potential losses to runoff were small when com-
pared with dairy cattle slurry equivalents. In terms of over-
all losses, metals are not of concern across DPWTS types;
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Fe-rich DPWTS has highest losses in terms of concentration
of NH,-N and C, whereas Ca—P-rich DPWTS has highest
DRP losses but lowest losses of NH,-N and C. In terms of
plant-available P, there were no negative effects. To inform
management decisions the next phase of testing should be
brought to a field trial scale where additional parameter test-
ing over longer periods of time could be incorporated e.g.
fertilizer replacement value.
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