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Abstract: Repeated land application of dairy manure can increase soil phosphorus above crop
requirements because of manure’s low nitrogen (N) to phosphorus (P) ratio (N:P < 4:1). This soil
P build-up can lead to off-site P transport and impairment of surface water quality. We evaluated
a treatment process to extract P from manures, called Quick Wash, integrated with a double-stage
solids separation system to recover coarse and fine manure solids. The Quick Wash process uses
a combination of acid, base, and organic polymers to extract and recover P from manures, improving the
N:P ratio of recovered manure solids (RMS). Results showed that coarse RMS could have use as
bedding materials for dairy cows, and the fine acidified RMS with N:P > 10:1 can be used as a low-P
organic soil amendment. A soil incubation test showed that acidified RMS stimulated N mineralization
and nitrification having higher nitrate levels than untreated dairy slurry when incorporated into soil.
Our results suggest that the inclusion of Quick Wash in a dairy manure management system can
improve manure’s value, lowering costs of bedding material and manure hauling, and recover P for
use as fertilizer while reducing the environmental impact of land spreading manure P.

Keywords: dairy waste; manure; nitrogen; phosphorus; N:P ratio; manure acidification; animal waste;
quick wash

1. Introduction

In the US, the large amount of manure produced by dairy operations (18.9 Tg per year) is as big as
the total manure from feedlot beef and confined swine production combined [1]. When adequately
applied to farm fields, dairy manure is a valuable source of nutrients for crop production. Federal and
state regulations require confined dairy operations to implement a comprehensive nutrient management
plan to land apply manure nutrients [2]. Usually, the nutrient management plans prescribe manure
applications based on a crop’s N requirement. However, repeated land application of dairy manure
can increase the amount of soil P above crop requirements because of the imbalance of N and P
content (N:P ratio) in manure and harvested crops [3,4]. The N:P ratio in plant biomass of most
grain and hay crops is 8:1 against manures that usually have a smaller N:P ratio of less than 4:1 [5,6].
Therefore, an excessive soil P build-up can lead to soil P losses through leaching and runoff and
impairment of water quality in lakes and rivers [4,7]. Besides, P pollution accelerates algal blooms in
drinking water sources, drastically increasing treatment costs and shortages in potable water supplies [8].
Nevertheless, dairy production operators are interested in alternative manure management systems
to both reduce the environmental impact of land spreading and recover value from manure and
its byproducts [9,10].
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Processed dairy manure has beneficial uses such as composting, renewable energy production
in anaerobic digesters, and animal bedding material. Dairy operations use separated solids from
dairy manure slurry as a compost substrate or, with subsequent drying, as an alternative to sand for
animal bedding [9,11]. Anaerobic digestion is another alternative use of dairy manure slurry with
the benefit of reducing malodors and greenhouse gases, producing biogas for fuel, a nutrient-rich
effluent for fertilizer use, and solids for animal bedding [12,13]. However, the dairy manure and its
byproducts seldom have a balanced N:P ratio, and their land application for crop production remains
an environmental risk for off-site P transport [14,15]. Therefore, mitigation of the environmental
impact of imbalanced N:P ratios in manures would require processing manure for P extraction before
land application [7].

A process called ‘’Quick Wash”, developed to extract and recover P and simultaneously increase
the N:P ratio in recovered animal manure solids, can solve the intractable problem of imbalanced
N:P ratio of manure byproducts before soil application [16]. The Quick Wash process uses a novel
combination of acid, base, and organic polymer to selectively extract and recover P from manure
slurries. It generates two products: (1) acidic washed solid residue with a more balanced N:P ratio;
and (2) a concentrated P product. The acidification helps control ammonia (NH3) emissions while
selectively extracting P from manure solids. The recovered manure solids (RMS) are dewatered from
the acidified slurry by solid-liquid separation methods. After that, P is recovered from the acid extract
as a P-rich precipitate under alkaline pH by adding a base and an organic polymer.

The Quick Wash approach integrated into a dairy manure management system can be retrofitted
to solid-liquid separation systems already used in many dairy operations. Among the numerous
solid-liquid separation technologies [9,17], double-stage solid separation systems are commonly used
in dairy operations to separate coarser and finer dairy manure solids for use as animal bedding
and organic soil amendments [18]. Here, we performed laboratory tests to assess the feasibility of
integrating the Quick Wash process with a double-stage solid-liquid separation system, having two
stationary screens in series. Because the first step of the Quick Wash process is the acidification of the
manure, we tested the following two options of injecting acid into the manure slurry: (1) before the
separation through the first-stage screen, and (2) before separation through the second-stage screen.
Given that the second-stage screen separated the finer manure solids, a chemical flocculant was used
to enhance solid-liquid separation [19]. Therefore, our study had the following objectives: (1) evaluate
acid rates for optimal P extraction in soluble form from scraped dairy manure slurry; (2) determine
the N:P ratio of recovered solids after acid addition, and a solids and P mass balance; (3) evaluate
recovered solids as a source of N when used as an organic soil amendment.

2. Materials and Methods

2.1. Manure Source

We obtained a fresh manure sample from a dairy farm located in Laurens County, South Carolina,
USA, with 300 Jersey milking cows under grazing. The routine manure management consisted of
scraping the manure slurry from the milking center into a concrete settling basin, daily application of
supernatant liquid to a pasture adjacent to the milking center, and land application of dairy manure
solids accrued in the settling basin every two days. We collected a composite manure sample from the
settling basin in a 20-L plastic container. Next, we sealed, transported, and placed the container in
cold storage (<4 ◦C) until we used the scraped manure for our experiments. The manure slurry had
a moisture content of 84.7%, and a total nutrient content of 402 g C kg−1, 30 g N kg−1, 5.5 g P kg−1,
and 15.6 g K kg−1 expressed on a dry weight basis. Before performing the experiments, we diluted the
manure with distilled-deionized water to reach a 6:1 water to dried solids ratio to ease mechanical
homogenization and mixing of chemicals.
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2.2. Acid-Base-Organic Polymer Process (Quick Wash)

The Quick Wash process includes three steps [16]: Step 1 includes mixing manure with an acid
solution to form a homogeneous slurry followed by solid-liquid separation to dewater the slurry.
The dewatering of the slurry generates an acid-washed solid residue and an acidic extract rich in
soluble P. In step 2, P recovery occurs through precipitation under alkaline conditions by adding liquid
lime (Ca (OH)2) to the acidic extract. In step 3, the addition of an organic anionic polymer promotes
the P enrichment in the precipitate (Figure 1).
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2.3. Experimentation

2.3.1. Integration of the Quick Wash Process into a Dairy Manure Management System

We performed three sets of experiments to adapt the Quick Wash process to recover manure solids
and nutrients from scraped dairy manure (Figure 1). In the first experiment, we determined the acid
requirement and mixing time to optimize P concentration in the acidic extract. In the second experiment,
we tested a two-stage process for solid-liquid separation of the acidified manure slurry. The two-stage
solid-liquid separation approach recovers coarse, fibrous solids for use as bedding materials, and
finer solids for use as an organic soil amendment. In the third experiment, we determined the liquid
lime rates required for recovering P from acidified extracts according to steps 2 and 3 of the Quick
Wash process.

• Experiment 1: Acid Requirement and Mixing Time for Optimal P Extraction

To optimize the acid application rate and mixing time, we performed a duplicate test for the effect
of mixing time (20 min against 24 h) on the pH and concentration of inorganic phosphate-P (PO4-P)
extracted from the acid and manure slurry mixtures. We carried out the test at ten concentration levels
of sulfuric acid (H2SO4) ranging from zero to 92 mmol L−1. We poured 40 mL of dairy manure slurry
(6:1 water/solid ratio) into 50-mL graduated glass test tubes for each acid concentration level. We mixed
the acidified manure slurry by placing the tubes in a reciprocating shaker (135 oscillations min−1) at
ambient temperature (23 ◦C) and pressure (101.3 kPa). After mixing the acidified manure slurries for
20 min, we stopped the shaker and took 5-mL samples from each tube for analysis. Then, we returned
the tubes to the shaker to continue mixing the acidified slurry for 24 h. After 24 h, we stopped the
mixing and took a second set of 5-mL samples for analysis. We centrifuged (2000× g) both sets of
5-mL samples for 10 min to separate solids from liquid and analyzed the decanted liquid for pH and
PO4-P concentrations. At the end of the 24 h test, we used the acidified slurry remaining in the tubes
to determine the total P (TP) content.

• Experiment 2: Acid Addition in Two-Stage Solid-Liquid Separation of Manure Slurry

This experiment determined the better injection point for adding acid in the two-stage solid-liquid
separation process. We used 1550 mL of the scraped manure (6:1 water/solid ratio) in each test.
Acidification of the slurry consisted of dosing H2SO4 at a rate of 25 mmol L−1. We homogenized the
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slurry and mixed chemicals using an overhead stirrer in a 5-L plastic settling tank to simulate the field
process of mixing the acid with the slurry inside a tank. The test was carried out in duplicate. To simulate
a two-stage stationary screen separator, we used two screens with mesh sizes of 12.7 mm (Sep 1)
and 0.25 mm (Sep 2). The acid addition test consisted of three treatment options: (1) no acidification
(control); (2) acid added before Sep 1; and (3) acid added before Sep 2 (Figure 2). According to previous
work [20], we used chemical flocculation for efficient solid-liquid separation of fine dairy manure
solids through the 0.25-mm screen (Sep 2). Consistent with Figure 2, we added the flocculant to the
manure slurry after it passed through Sep 1 screen in all three treatments. The flocculant was a cationic
polyacrylamide (PAM) (Nalco Co., Naperville, IL, USA) applied at a single rate of 330 mg PAM L−1 [19].
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Figure 2. Schematic diagram of the three treatments tested for solids separation of manure using
a double-stage stationary separator with two screens Sep 1 (12.7 mm) and Sep 2 (0.25 mm) and
alternative points for acid injection for phosphorus (P) extraction.

• Experiment 3: Phosphorus Recovery

According to steps 2 and 3 of the Quick Wash process (Figure 1), we conducted this experiment to
estimate the liquid lime required for P precipitation and recovery from the acidified extract obtained in
experiment 2. In duplicate, we dispensed 40 mL of acidic liquid extract obtained from experiment 2
into 50-mL centrifuge tubes and adjusted the pH to 6, 7, 8, 9, and 10 using a 10% Ca(OH)2 suspension.
Following, we added 0.5 mL of a 0.5% solution of anionic polymer (Magnafloc 120L, Basf Corp., Suffolk,
VA) to enhance the formation of a P-rich precipitate according to Szogi et al. [21]. After centrifuging
the tubes at 2000× g for 10 min, we decanted the supernatant (effluent).

2.3.2. Use of Recovered Manure Solids as a Soil Organic Amendment

We performed a laboratory soil incubation experiment to evaluate the RMS as a source of soil
N by comparison with fresh scraped dairy manure. The incubation test included measurements of
ammonia gas losses (NH3), and accumulation of soil NH4

+-N because of mineralization of the organic
N applied to soil surface or incorporated into soil with fresh manure and the RMS. We also included
measurements of soil NO3-N levels due to nitrification of soil NH4

+-N.
For the incubation, we used soil cores from the topsoil of a Norfolk loamy sand (Fine-loamy

kaolinitic thermic Typic Kandiudults) located at the USDA-ARS Coastal Plains Soil, Water, and Plant
Research Center in Florence, SC, USA. We used a soil sampler (AMS, Inc., American Falls, ID, USA)
equipped with replaceable plastic cylindrical sleeves (5 cm diameter × 15 cm long) to collect the soil
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cores. The soil had the following properties: 0.55% C, 0.05% N, 25 mg P kg−1 (as plant available),
59 mg K kg−1, CEC (cation exchange capacity) 3.7 cmol kg−1, pH 5.3, and loamy sand texture (81% sand,
17% silt, and 3% clay).

The N application rate of both RMS and fresh manure was 89.6 mg N kg−1 soil. This N application
rate is equivalent to an application of 160 kg N ha−1 to a fescue hay field, as is common in South
Carolina [22]. We applied the RMS and the fresh manure to the soil surface to a set of soil cores.
On another set of soil cores, we incorporated the materials about 5 cm below the soil surface.
The incorporation simulated the use of an s-line cultivator (staggered) or concave disks following
surface application. After application of the organic soil amendments the cores were incubated for
70 days at an average ambient temperature of 23 ◦C and 65% relative humidity. To optimize microbial
activity during the incubation study, we added distilled water as needed to maintain a soil moisture to
about 60% of the water filled pore space [23]. The soil cores were placed in 2.0-L plastic chambers made
of PET (polyethylene terephthalate) and closed with a threaded polyethylene lid. The lid had a small
vent to avoid pressure build-up above ambient atmospheric pressure inside the chamber. The NH3 gas
was trapped as ammonium (NH4

+) from the source into an 8-mL glass vial holding 5.0 mL of 0.2 M
H2SO4 [24]. The 8-mL glass vial that served as an acid trap was attached to the outside wall of the soil
core with a rubber band with its open end at the same level of the soil surface.

2.4. Analytical Methods

Analyses of liquid samples were performed according to Standard Methods for Examination
of Water and Wastewater [25]. The pH of liquid samples was measured electrometrically using
a combination pH electrode (Standard Method 4500-H+ B). The total solids (TS) of liquid samples
were determined after evaporation of a sample to constant weight at 105 ◦C. Total P in liquid and solid
samples was determined using nitric acid digestion with peroxide (EPA method 3050B) using a block
digester and inductively coupled plasma analysis [26]. The TKN in liquid samples was determined by
colorimetric methods using the method of Sims et al. [27], adapted to digested extracts using H2SO4 [21].
After filtration of liquid samples through a 0.45-µm membrane filter (Gelman Supor-450; Pall Corp.),
soluble P and soluble TP were determined in undigested and digested samples, respectively, using the
malachite green method. Soluble inorganic P (PO4-P) was measured by chemically suppressed ion
chromatography (IC) using a Dionex 2000 Ion Chromatograph [28]. The manure solids recovered from
the two separation screens were freeze dried and subsequently total carbon (TC) and nitrogen (TN)
were analyzed by combustion with an Elementar VarioMax CN analyzer (Elementar Americas Inc.,
Ronkonkoma, NY, USA). Soil samples were extracted with 2M KCl, analyzed for NH4

+-N and nitrate
plus nitrite, hereafter called NO3

−-N. Analysis of both NH4
+-N and NO3

−-N was carried out using an
EL-800 microplate reader (Bio-Tek Instruments, Inc., Winooski, VT, USA) set to 650 nm [27].

2.5. Statistical Methods

We used the statistical package SAS 9.4 (SAS Institute Inc., Cary, NC, USA) to perform a paired
t-test (Wilcoxon Signed Rank) to determine the differences between two mixing times at each acid
concentration level using the PROC UNIVARATE procedure (p < 0.05). Other statistical analyses
included descriptive statistics using PROC MEANS and analysis of variance to determine differences
between acid treatments and separation screens using PROC ANOVA. We compared treatment means
using the least square difference (LSD) option and considered them different when the probability
values were p < 0.05. We determined recovery efficiencies of solids, N, and P using mass balances
that included the sludge volume, dry matter weight, and elemental concentrations before and after
treatment. The N:P ratio was estimated using the TN and TP concentrations on a dry weight basis.



Agronomy 2020, 10, 1725 6 of 15

3. Results and Discussion

3.1. Experiment 1: Acid Requirement and Mixing Time

To optimize acid application in Step 1 of the Quick Wash process, we tested the extraction of P
at ten H2SO4 concentration levels from zero to 92 mmol L−1. Our previous reports recommended
a mixing time of less 20 min to obtain stable P concentrations at pH less than 5.0 [21,29]. Table 1
presents the results of the tests that we carried out to determine if 20 min or 24 h of mixing was
adequate to obtain stable P concentrations in acidified dairy manure extracts. According to Table 1,
we observed an increase in PO4-P at increasing acid rates with respect to water alone (zero mmol
L−1 acid). With a mixing time of 20 min, water alone shows a pH of 6.62 with only 111 mg PO4-P
L−1 in the extract solution and representing only 20% of the TP (547 mg L−1) in the untreated dairy
manure (UDM). We obtained a significant extraction of P (>60%) from the initial TP of the UDM slurry
at pH > 5.00 (Table 1). Concentrations of PO4-P ranging from 422 to 439 mg L−1 in the acid extract
matched with acid rates between 25 and 57 mmol H2SO4 L−1. These higher PO4-P concentrations
represented 77 to 80% of the initial TP in the UDM.

Table 1. Effect of acid addition and mixing time on extracted phosphorus from dairy manure.

Acid Rate
Mixing Time

20 min 24 h

(98% H2SO4) pH PO4-P TP Extracted 1 pH PO4-P TP Extracted

mmol L−1 g L−1 mg L−1 % mg L−1 %

0 0 6.62 111 20 6.47 315 58
6 0.57 6.26 319 58 6.15 352 64
12 1.14 5.88 349 64 5.82 375 69
25 2.45 5.42 422 77 5.36 365 67
44 4.33 4.97 428 78 5.03 398 73
57 5.55 4.64 439 80 4.74 392 72
67 6.53 4.36 449 82 4.46 387 71
78 7.68 3.98 463 85 4.07 409 75
85 8.33 3.72 511 93 3.87 433 79
92 8.99 3.21 495 91 3.39 439 80

1 Percent P extracted with respect to the initial total P of the manure slurry (547 mg P L−1).

After 24 h mixing, the water control extracted 58% of the initial TP. The use of water alone can be
attractive to eliminate acid from the process, but it increases the extraction time with the risk of releasing
volatilized ammonia and malodors into the air. At the lower acid rates of 6 and 12 mmol L−1 the
extraction of P improved but it was not statistically different in pH or PO4-P concentration at both acid
rates when mixing for 20 min or 24 h according to a pair-difference t-test (P < 0.05). From these results,
we confirmed a 20 min mixing yields a stable PO4-P concentration during the acid extraction process.

On average, dairy manure has the lowest TP concentration with most of the P in inorganic forms
as compared to manure from monogastric animals (poultry litter and swine manure) [30]. For an
optimal acid application, we considered the near four-fold increase in PO4-P concentration (422 mg
PO4-P L−1) with respect to water alone obtained at an acid rate of 25 mmol L−1 and pH of 5.42 with
20-min stirring. This PO4-P concentration represents 77% P extraction of the initial TP content in the
UDM. However, the percent of TP as PO4-P in the acid extract improves very little at higher acid rates.
For instance, increasing the acid rate to 78 mmol L−1 lowers the pH to 3.98 but the increase of PO4-P
(463 mg L−1) is equivalent to a P extraction rate of 85%. From these results, we concluded that a pH
below pH 5.0 may not needed to obtain good P extraction from dairy manure slurries as required by
the original Quick Wash method [16]. All subsequent experiments used the 25 mmol H2SO4 L−1 rate
and 20 min mixing prior to the P extraction step (Step 1 of the Quick Wash).
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3.2. Experiment 2: Solids Recovery

First, we determined the effectiveness of the two-stage separation screening by the percent
difference between the mass of dried solids retained in each screen with respect to the initial TS
content of the UDM. In the first separation stage (Sep 1), we compared our results to other studies
on separation of dairy manure solids using screens without flocculant addition. On a preliminary
trial to select the screen size (data not shown), we included a 2.00 mm screen commonly used for
solids separation of dairy manure [31]. We selected a 12.7 mm screen for the first separation stage
(Sep 1) because it simplified the removal of the large manure particles with less problems of clogging
the screen observed with smaller screen size. On a mass basis, differences in percent of dry matter
recovered from Sep 1 screen for the non-acid control, and treatments 2 and 3 were not statistically
different (Figure 3). The 24% of dry matter recovered in Sep 1 in all three treatments was similar to the
23% recovery of dairy manure solids in a first separation screen with a 0.508 mm mesh size reported in
a two-stage solid-separation system study [18].
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Figure 3. Recovered manure solids using a two-stage solid-liquid separation screen with acid addition.
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In the second stage (Sep 2), solid separation improved significantly because of the addition of
cationic flocculant and smaller screen size (0.25 mm). Other reports showed the positive effect of
manure acidification on solid-liquid separation using flocculants [21,32]. As expected, the percent
of dry matter we recovered from Sep 2 screen was significantly higher than in Sep 1 for all three
treatments (Figure 3). Treatment 3 had the highest percentage of solids recovered in this second stage
of the solid separation system (53%). We estimated the overall efficiency of the two-stage screening by
adding the percentage of recovered solids in Sep 1 plus Sep 2 using data from Figure 3. On average,
the two-stage separation recovered 67% of the solids in the untreated slurry with the non-acid control,
69% with acid added before Sep 1, and 77% with acid added before Sep 2. The highest solids recovery
of 77% obtained with treatment 3 is comparable to the efficiency of 76% solids separation obtained by
gravity settling of dairy flushed manure for 60 min after application of 300 mg PAM L−1 reported by
Chastain et al. [33].

The acidification step of the Quick Wash process influenced the total C, N, and P contents of
the recovered washed solid fraction with respect to the original composition of the UDM slurry.
The immediate separation of the manure solids from the slurry prevented C and organic N oxidation
and digestion. The C:N ratio of the coarser solids from Sep 1 was > 25.0 for all three treatments (Table 2).
This high C:N ratio indicates that N can be immobilized by microbes when used as a soil amendment,
providing little available N for plant growth [24]. In contrast, the C:N ratio of the finer solids recovered
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from Sep 2 for all three treatments was <15.0. This lower C:N ratio indicated that the finer solids have
the potential of a rapid N mineralization with release of inorganic N for crop growth when used as an
organic soil amendment.

Table 2. Concentration of total C (TC), N (TN), P (TP), and N:P ratio on a dry basis in recovered dairy
manure solids using a two-stage solid-liquid separation system with and without acid addition.

520611Screen
(Sep) 1 PAM 4 Slurry

pH
TC

g kg−1
TN

g kg−1
TP

g kg−1
C:N

Ratio
N:P

Ratio

Initial UDM 2 0 – 6.91 402 30 5.5 13.4 5.5
Treatment 3

(1) 1 N 6.91 436 17 2.4 25.6 7.3
2 Y 7.14 449 35 5.4 12.8 6.5

(2) 1 N 5.12 370 14 1.9 26.4 7.4
2 Y 5.17 459 39 2.8 11.8 13.6

(3) 1 N 6.96 437 17 2.4 27.7 7.3
2 Y 5.10 446 40 3.6 11.1 11.3

1 Sep 1 = 12.7 mm screen; Sep 2 = 0.25 mm screen. 2 UDM = untreated dairy manure slurry. 3 Treatments: (1) no
acidification (control); (2) acid added before Sep 1; and (3) acid added before Sep 2. 4 PAM = Polyacrylamide addition.

In previous studies [21,29], we found that acid treatment of poultry litter or swine manure slurries
at pH < 5 promoted rapid hydrolysis reactions, converting insoluble P into soluble P. This selective
dissolution of P increased the N:P ratio of the separated manure solids [16]. Here, all three acidification
options presented in Figure 2 provided a significant removal of P that resulted in an increase
of C contents and the N:P ratio of the recovered solids with respect to the initial UDM slurry.
Water alone extraction in the control treatment increased the N:P ratio of solids recovered from Sep 1
(N:P 7.3) and Sep 2 (N:P 6.5) versus the initial UDM slurry (N:P 5.5) (Table 2). However, N:P ratio in
non-acidified manure can significantly decrease because of ammonia volatilization losses [34]. In our
study, acidification treatment did not increase the N:P ratio of coarser solids recovered from Sep 1
as compared to the control (water alone) probably because most solubilized P was associated with
finer solids. On the other hand, the finer solids recovered from Sep 2 with acid treatment had higher
TN contents with lower concentrations of TP due to dissolution of inorganic P associated to the finer
manure solids. Therefore, the acidified fine solids recovered in Sep 2, had much higher N:P ratios
(13.6 and 11.3) than the fine solids in the non-acidified control (6.5) or over 2-fold higher N:P ratios
than the initial UDM slurry (N:P 5.5).

3.3. Experiment 3: Phosphorus Precipitation and Recovery

To evaluate the P recovery efficiency of the Quick Wash process, we used the acid extract collected
after the double-stage solids separation in Treatment 3 (Figure 2). The results presented in Table 3
show that 89% (282 mg L−1) of the total soluble P (320 mg L−1) in the acid extract was removed at pH
8.0 by addition of liquid lime (10% Ca(OH)2). This P removal is equivalent to 54% of the initial TP
mass of the manure slurry recovered in the P precipitate (Table 3). Further addition of liquid lime
increased the pH above 8.0 but did not improve the percent P mass recovery in the precipitate (Table 3).
Furthermore, the P precipitate had the highest P content at pH 8.0 (16.2% P2O5) whereas at pH higher
than 8.0 the precipitate had lower P content (Table 3). These results are consistent with other reported
studies on P extraction and recovery from poultry litter and swine manure using the Quick Wash
process [21,29]. For instance, the Quick Wash process recovered 61% of the initial TP in poultry litter at
pH 8.0 with a P content in the precipitate of 17.6% P2O5 [29].
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Table 3. Recovery of phosphorus dairy manure slurry using the Quick Wash process.

Extracted P
(Step 1) P Recovery (Steps 2 and 3)

pH Acid Extract 1 pH Applied
Lime 2

Removed
from Extract

Recovered
Mass 3

P Content
Precipitate 4

mg L−1 % g L−1 mg L−1 % % P2O5

5.6 320 60

6.0 0.6 3 1 1.4
7.0 1.3 184 34 15.0
8.0 2.0 282 54 16.2
9.0 2.6 281 54 15.5

10.0 4.5 295 57 12.9
1 Acid extract (25 H2SO4 mmol L−1) collected after the double-stage screen solid separation (Treatment 3, Figure 2).
2 Application of hydrated lime [Ca (OH)2] plus anionic polymer for enhanced P precipitation. 3 Percent mass
recovered in the precipitate with respect to the initial TP mass in the UDM slurry (520 mg P L−1) 4 % P2O5 = %P× 2.29
where %P is the dry content of P in the precipitated material (g TP per 100 g of precipitate).

3.4. Mass Balance

The mass balance for the Quick Wash Process shown in Figure 4 includes the percent of both
recovered solids using Treatment 3 (Figure 3) and recovered P (Table 3) with respect to total mass of
solids and P of the UDM slurry. Most of the total solids (77%) recovered in the double stage solid-liquid
separation were the suspended solids fraction (24% TS recovered from Sep 1, and 53% TS recovered
from Sep 2). The remaining mass of solids (21%) were dissolved solids in the acid P extract before the
P recovery steps. The higher percent mass of TS in the effluent resulted from the addition of liquid
lime during the P recovery. The final effluent is an additional third byproduct of the Quick Wash with
value as a source of both irrigation water and liquid N for crop production. The mass balance showed
that >23% of the N was in the final low-P effluent with a concentration of 854 mg TN L−1 of which,
67% was inorganic N in the form of NH4-N (574 mg L−1).
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screen). Chemical inputs: A = acid; F = flocculant; L = liquid lime; AP = anionic polymer. Data are for
Treatment 3 from Figure 3, and Tables 2 and 3. RMS = recovered manure solids.

3.5. Utilization of Recovered Solids

3.5.1. Dairy Cattle Bedding

All the RMS obtained from the control and the two acid treatments in Sep 1 appear suitable for
use as bedding for dairy cows (Table 2, Figure 5a,b). Still, the use of RMS solids for dairy cow bedding
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requires further drying of the material to reduce bacterial counts of common environmental bacteria
such as mastitis pathogens [35,36]. Other studies reported acidification of dairy cattle bedding to
reduce the growth of environmental bacteria by maintaining pH < 4.4 [37,38]. From the results of
our study, we speculate that acidifying RMS before Sep 1 as shown in Treatment 2 (Table 2) may be
a plausible management practice to maintain low microbial counts in dairy cow beddings. According
to Table 1, we show that acidification of manure solids to a pH < 4.4 is possible with an acid rate of
at least 67 mmol H2SO4 L−1. The acid pH required to reduce microbial counts in the RMS can be
consistently attained with the Quick Wash process by including a pH controller to inject the acid [16].
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3.5.2. Organic Soil Amendment

Application of dairy manure to soils adds organic N along with organic C and stimulates
mineralization of organic N and C with production of NH4

+ and NO3
− through microbial

ammonification and nitrification [39,40]. However, high NH3 volatilization losses from standard
surface-broadcast application of dairy manure slurry limits N availability for plants and fosters air
pollution concerns [41,42]. Other field application techniques such as surface-banded applications and
soil incorporation by shallow injection of dairy manure slurry managed to reduce NH3 emissions in
the range of 25 to 40% [39,41]. However, data reported on acidification of cattle manure slurry showed
decreased field NH3 emissions in the range of 15 to 80% [32].

To evaluate the RMS as a source of N, we performed a 70-day laboratory incubation trial to
compare NH3 emissions and N mineralization after surface application or incorporation into soil of
UDM and acidified RMS (Table 4). The trial consisted of applying UDM and acidified RMS (N:P 11.3)
on surface or incorporated into soil at a single N application equivalent to 160 kg N ha−1. On average,
we observed significant differences in cumulative NH3 gas emissions between the control and the
surface soil application of either UDM or acidified RMS (p < 0.05). In addition, we observed significant
differences between the means of cumulative NH3 emissions from both surface applied materials.
The mean cumulative NH3 emission from acidified RMS was almost two-fold higher than the NH3

emission from surface applied UDM (Table 4). In contrast, differences from incorporation of UDM or
acidified RMS and the control were not significant. With respect to surface soil application of UDM
and RMS, incorporation of UDM reduced NH3 emission by 80%, and RMS by 88%. These results are
consistent with reported average reduction of NH3 emissions by 71% for shallow injection of manure,
and attributed to the reduced contact of applied manure with the atmosphere [43].

Studies on soils amended with acidified manures reported lower rates of N mineralization than
soils amended with non-acidified materials [24,44]. Instead, in this study we observed significant
N mineralization with conversion of organic N to NH4

+ from the amended soil with either UDM
or RMS. Under the controlled soil moisture and temperature of our incubation study, the favorable
C:N ratio of 13.4:1 for UDM and 11.1:1 for RMS allowed for N mineralization with a subsequent
transformation of soil NH4

+-N into NO3
−-N. At the end of the 70-day incubation test, most of the soil

inorganic N was in the NO3
−-N form (Table 4). The soil with the acidified RMS incorporated had the
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highest NO3-N content (83.2 mg kg−1) and the lowest NH3 emission (10 µg NH3-N kg−1) of all four
soil amendment treatments.

Table 4. Cumulative ammonia emissions and soil ammonium and nitrate contents after a 70-day
incubation of Norfolk soil amended with untreated dairy manure and acidified recovered manure solids.

Soil Amendment
Treatment 1

Cumulative Ammonia Production
(µg NH3-N kg−1)

Soil NH4
+-N

mg kg−1
Soil NO3−-N

mg kg−1

Control 2 10 c 3.9 ab 14.5 c
UDM Surface 64 b 2.2 b 53.1 b
RMS Surface 114 a 5.2 a 63.0 ab

UDM Incorporated 13 c 1.9 b 58.5 b
RMS Incorporated 10 c 2.4 b 83.2 a

1 UDM = untreated dairy manure; RMS = acid treated recovered dairy manure solids; Surface = amendment applied
on soil surface; Incorporated = applied below soil surface. 2 The control treatment contained 19.5 mg NH4

+-N kg−1,
and 3.5 mg NO3

−-N kg−1 at the onset of the soil incubation.

From the results of this incubation study, we concluded that the incorporation into soil of either
UDM or the acidified RMS significantly reduced the NH3 emissions with respect to surface application.
The shallow soil incorporation of acidified RMS had the advantage over the incorporation of UDM of
a significantly higher soil NO3

−-N content with a potential to reduce build-up of soil P.
Since the N:P ratios of UDM and acidified RMS can affect the build-up of soil P, we made a rough

estimate of their potential contribution to the build-up of P based on soil test analysis and soil fertility
indices [45]. For the Norfolk soil in our study, we used the following soil fertility indices in mg P kg−1

(Mehlich 1 extraction) for South Carolina Coastal Plain soils: low < l6, medium 16–30, high 31–60,
and very high > 60. Our soil test results showed the control soil had 21 mg P kg−1 with a medium P
rating. At a single N application rate of 160 mg N kg−1, UDM (N:P 5.5) contributed with 15 mg P kg−1

to the initial 21 mg P kg−1 of the control for a total build-up of 36 mg P kg−1, raising the fertility index
from medium to high. In contrast, the RMS (N:P 11.3) contributed with 4 mg P kg−1 for a total build-up
of 25 mg P kg−1, keeping the medium soil fertility rating. Under the conditions of our incubation test
we were limited to address the long-term dynamics of P forms and retention in manure-amended
soils [46]. However, our results suggest that acidified RMS with a balanced N:P ratio could be part of
a farm nutrient management plan to slow down the long-term build-up of soil P while reducing P
losses and the risk of surface water impairment.

3.6. Economic Outlook

The manure management systems utilized by dairy farmers seldom consist of a single treatment
but usually numerous treatment technologies interconnected to achieve the manure management
goals of their operation [9]. Therefore, a complete economic evaluation for the use of the Quick
Wash process to recover manure solids and P from dairy manure slurry requires taking into account
additional annual operation costs and the annualized energy and capital or rental cost of the equipment
(e.g., solid separation and polymer injection equipment, pumps, and tanks). We conducted a partial
cost analysis to estimate the chemical cost to treat one m3 of dairy manure slurry. We assumed lactating
Jersey cows have an average weight of 450 kg per animal with a milk production of 34 kg d−1 generating
a manure volume of 0.068 m3 d−1 per animal according to USDA-NRCS [47]. A herd of 300 Jersey
cows produces about 20.4 m3 d−1 of manure slurry. Table 5 shows the total cost of chemicals U$ 39.49
to treat 20.4 m3 d−1 of dairy manure slurry. Therefore, the treatment cost per unit of volume of slurry
is U$ 1.93 m−3 d−1 or U$ 0.13 cow−1 d−1.

To estimate the value of the Quick Wash products, we used a cost of U$ 0.96 kg−1 N and U$
1.08 kg−1 P2O5 for the recovered phosphate material, fine RMS, and the final liquid effluent. We used
the average cost of N from urea (46% N) and P from triple super-phosphate (46% P2O5) for 2018 from
the U.S. Farm Prices of Selected Fertilizers database provided by the USDA-ERS [48]. According to
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the mass balance in Figure 3, the total combined value of the N and P in the three products was U$
2.66 m−3. In addition, the coarse RMS use can cut the cost of both bedding material and hauling
manure with an estimated value of U$ 0.11 cow−1 d−1 [49]. A potential additional income could be
environmental credit programs such as carbon credits and nutrient trading programs [15].

Table 5. Costs of chemicals for treating dairy manure slurry produced by 300 lactating cows (20.4 m3)
using the Quick Wash process.

Item Unit Cost Rate Volume 3 Total

U$ kg−1 kg m−3 m−3 d−1 U$ d−1

Sulfuric Acid 1 0.32 2.45 1 18.2 14.27
Cationic Polymer 3.00 0.33 18.2 18.02
Anionic Polymer 4.00 0.04 17.3 0.28

Lime 2 0.20 2.00 2 17.3 6.92
Total chemical cost 39.49

1 Rate of sulfuric acid to attain a pH of about 5.1, Sep 2 screen (Table 2). 2 Rate of lime to attain a pH of 8.0 (Table 3).
3 Estimated from the solid/liquid volume fraction of 0.89 for Sep 1 screen and 0.95 for Sep 2.

4. Conclusions

We proposed to treat dairy manure slurry using the Quick Wash process to recover manure solids
with a more balanced N:P ratio after acid extraction of P. The dairy slurry treatment consisted of the
Quick Wash process integrated with a two-stage solid-liquid separation to recover separate streams of
coarse and fine manure solids. The coarser RMS appear suitable for use as bedding for dairy cows and
acidification could improve the hygiene of bedding materials. The acidified finer RMS had N:P ratios
between 11.3 and 13.6 that are more balanced for crop production. The use of fine RMS as an N-rich but
low-P organic soil amendment can be an adequate source of N for plants while reducing the long-term
build-up of soil P. Following the solid separation, we recovered up to 54% of the initial total P of the
untreated slurry by precipitation at pH 8 from the acid extract. We tested previously the value of
recovered P produced by the Quick Wash for its use as a source of fertilizer for crop production [50,51].
Therefore, our results suggest that the inclusion of the Quick Wash approach into a dairy manure
management system could improve manure’s value, and possibly lower costs of bedding material and
manure hauling while reducing the environmental impact of land spreading manure P.
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