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Abstract: Manure is a substantial source of ammonia volatilization into the atmosphere before and
after soil application. The purpose of the study was to investigate the effects of temperature and
alkalization treatments on the release of ammonia and ammonia recovery (AR) from cow manure
and to characterize the chemical properties of the resultant effluents. In a closed glass reactor, 100 g
of fresh cow manure was mixed with 100 mL of deionized water and the mixture was treated with
various volume of KOH to increase the manure pH to 7, 9, and 12. Ammonia was distilled from the
mixture at temperatures of 75, 85, 95, and 100 ◦C for a maximum of 5 h. Ammonia was received as
diluted boric and sulfuric acids. Results indicated that the highest ammonia recovery was 86.3%
and 90.2%, which were achieved at a pH of 12 and temperatures of 100 and 95 ◦C, respectively.
The recovered ammonia in boric acid was higher than in sulfuric acid, except at a pH of 12 and
temperatures of 95 and 100 ◦C. The effluents, after ammonia was removed, showed that the variation
in pH ranged between 6.30 and 9.38. The electrical conductivity ranged between 4.5 and 9. (dS m−1)
and total potassium ranged between 9.4 and 57.2 mg kg−1.

Keywords: Ammonia stripping; Animal manure; Manure free ammonia; Ammonia flux; Waste
management; Organic fertilizer

1. Introduction

Substantial amounts of liquid and solid manures are produced as a by-product of dairy feeding
worldwide [1]. Unfortunately, only a small portion of this is further processed into compost or organic
fertilizers [2]. The rest of the manure is either left on bare soils or used in agriculture as fresh manure,
which poses severe environmental concerns [3]. The volatilization, seepage, and leaching of various
compounds from manure result in air and water pollution, especially during the handling and storage
of manure [4]. The main sources of ammonia emissions from the animal feeding industry, as described
by the US-EPA, are cattle (54%), poultry (33%), and hogs or pigs (12%) [5]. Nearly half of the emissions
are from manure operations, which include manure applied to pasture (15%), manure management
(7%), and manure applied to soil (3%) [3]. Barrett [6] reported that agricultural activities are responsible
for 90% of the atmospheric emissions in Western Europe. Moreover, the emissions in Africa were
0.79 Gt in 2010 and 0.87 Gt in 2014 [7]. The generation of ammonia emissions occurs due to nitrogen
in the feces and urine of cattle, where the breakdown of manure protein produces ammonia as well
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as uric acid during manure storage and decomposition [8]. When ammonia is produced with water
present, it becomes ammonium and stays in the liquid form under specific conditions: at a low pH,
99% of ammonia remains as ammonium. However, at a high pH some of the ammonium converts
to ammonia [9]. Animal manure has 0.04–0.88% (w/w) ammonia [10]. Animal manure increases air
pollution through volatilization of free ammonia [11]. Anaerobic manure digestion is rapidly applied
to liquid cow manure to stabilize the organic matter [12].

Therefore, there is an urgent need for improved environmental technology that reduces the release
of gases from livestock facilities to the environment. Many studies have suggested that recycling and
reusing the manure is a viable option in dealing with ammonia emissions [13]. Dairy manure is generally
considered to be a rich ammonium source; therefore, it can potentially be utilized to recover ammonia
and produce an ammonium-based liquid fertilizer [14]. Extensive research has studied the removal of
ammonium during municipal and industrial wastewater treatment [15]. However, little has been done
on the ammonium recovery from dairy manure wastes used for agricultural purposes. Most of the
nitrogen removal processes that have been developed for municipal and industrial wastewaters have
been applied to animal wastes too, such as biological nitrogen removal [16], ammonia stripping [17],
ion exchange [18], and struvite crystallization [19]. Among the nitrogen removal processes above,
ammonia stripping is widely used due to its simplicity and lower costs [20]. Ammonia stripping is a
simple desorption process used to remove the ammonia from the waste material. It is often easier and
less expensive to remove nitrogen from wastewater in the form of ammonia rather than converting
ammonia to nitrate-nitrogen before being removed [21].

In conventional ammonia stripping, an alkali is added to the manure or wastewater to raise the
pH [20], it converts ammonium ions to ammonia gas according to Equation (1):

NH4
+ + OH−→H2O + NH3. (1)

Ammonia recovery from manure is based on the disassociation of ammonium and the equilibrium
of ammonia among liquid and gas (Equations (2) and (3)) [22]. The efficiency of ammonia recovery is
governed by the liquid free ammonia content, which is increased by the temperature and pH as show
in Equation (4) [23]. The value of Ka can be obtained from Equation (5) [24].

NH4
+
↔ NH3 + H+ Ka = 10−9.25 at 20 ◦C, (2)

NH3 (aq)↔ NH3 (gas) H = 0.0006 at 20 ◦C, (3)

NH3% =
100

1 +
[H+]

Ka

and (4)

Ka = 10−(0.0897+ 2729
T ) (5)

where Ka is the ammonium disassociation constant, H is the Henry’s constant, dimensionless, [H+] is
the H+ concentration in mole L−1, and T is temperature in K.

Apart from the alkali reaction, many ammonia recovery procedures that are currently in use at a
large scale utilize chemical or physical methods to enhance the nitrogen recovery process [25]. These
methods include many techniques, such as nano filtration, reverse osmosis, membrane distillation, air
stripping, steam stripping, chemical precipitation, and ion exchange [26]. Chemical additions and
micro- and ultra filtration are sometimes also performed to enhance the nitrogen recovery [27]. In
a study by Gustin et al. [28] that compared the effects of pH, temperature, and air flow on nitrogen
ammonia recovery from anaerobic wastewater, the results suggested that a high pH had the most
significant impact on stripping, causing a change in the ammonia to ammonium ratio to favor of
ammonia accumulation. The second important factor was the amount of air passing through the
stripping bench plant, which promoted the transition of ammonia from its liquid phase to its gas
phase [29]. The temperature effect on wastewater ammonia was studied and results revealed that,
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when the temperature greater than 70 ◦C, maximum ammonia removal (92.2%) was achieved [28]. In
another study by Garcia-Gonzalez [30] that estimated the effect of aeration on the recovery of ammonia
from swine manure using gas permeable membranes, the results showed that aeration increased the
pH above 8.5, allowing for a quick transformation of NH4

+ into gaseous ammonia (NH3) and the
efficient recovery of ammonia by permeation through the submerged membrane. The overall NH4

+

recovery obtained with aeration was 98% and ammonia emissions losses were less than 1.5%. These
results suggest that pH and temperature can significantly affect the recovery of ammonia from manure
in the stripping process. Therefore, the objectives of this research are to investigate the impacts of
alkalization and temperature treatments on ammonia volatilization and recovery from dairy manure
and to determine the chemical properties of the solid and effluent by-products.

2. Materials and Methods

2.1. Cow Manure Collection and Characterization

Fresh cow manure was collected from Al Safi-Danone dairy farm situated in Al-Kharj, Saudi
Arabia. A composite sample of fresh manure was packed in polythene bags and transported to the
laboratory in an ice-box container to minimize ammonium–nitrogen loss. The collected cow manure
was stored at −20 ◦C in a freezer. The moisture content of the samples was determined in subsamples
at 70 ◦C in an oven. Water-extractable ammonium was obtained using the method described by
Curtin et al. [31] and dissolved ammonia-nitrogen was analyzed using micro-Kjeldahl (UDK 132
Automatic distillation system 230V, Italy) according to the method described by Estefan et al. [32]. The
total nitrogen content was determined using the same procedure after a 0.2 g of the dried at 70 ◦C
cow manure was digested with 10 mL of concentrated sulfuric acid. The total carbon content was
determined after the oxidation of 0.2 g dry manure in a mixture of K2Cr2O7 and concentrated sulfuric
acid, following the method of Schumacher et al. [33]. For the determination of total phosphorus (P),
potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), copper (Cu), iron (Fe), and manganese (Mn),
a 0.2 g of dried manure was treated with 10 mL of concentrated nitric acid and digested according
to the procedure of Creed et al. [34] using microwave digestion (MARS, CEM Corporation, USA).
The total concentrations were determined for the digestate using inductively coupled plasma-optical
emission spectrophotometer (ICP-OES, PerkinElmer Optima 4300 DV, USA). The pH was determined
in a 1:5 water extract (v/w) using a pH meter (Orion star A211), and the electrical conductivity (EC)
expressed in deciSiemens/ meter (dS m−1) was measured in the filtrated extracts using an EC meter
(YSI, USA). The approximate chemical composition of the cow manure and cow manure effluent was
determined by scanning electron microscopy using an SEM (JSM-6380-LA, JEOL, Japan). The surface
functional groups of the produced material (organic amendments) were characterized using Fourier
Transform Infrared spectroscopy (FTIR, Nicolet 6700).

2.2. Adjustment of the Initial Manure Paste with KOH

A titration experiment was conducted before the ammonia removal trial to determine and simulate
the alkali volumes needed to obtain a specific initial pH. Briefly, 25 g of fresh manure was mixed with
25 mL of deionized water in a 250 mL Erlenmeyer flask placed on a magnetic stirrer. A 0.1 N KOH
solution was added to the mixture in drops until the pH reached 13. The pH of the mixture was instantly
recorded using the attached pH meter (Cole Parmer). The pH readings from the titration were fitted
to a sigmoidal curve, as described by Nelson and Su [35]. The use of the sigmoidal formula allowed
for the prediction of manure pH under KOH addition. A nonlinear regression module, generated
with Sigma Plot 12, was used to simulate the observed data and calculate the curve parameters. The
four-parameter sigmoidal function can be described as follows:

pH = pHmin +
a

1 + e
A−Amid

b

, (6)
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where, pHmin is the starting pH value, a is the maximum pH value reached, A is the amount of alkali
(positive) added, Amid is the A value of the curve’s inflection point, and b defines the shape of the curve.

2.3. Ammonia Stripping

The ammonia stripping was performed in a thermal stripping assembly, consisting of a round
flask bottle placed on a 300W electric mantle set at the desired temperature. The flask was closed
tightly with an L–shaped glass tube, inserted with plastic rubber to prevent leakage of the generated
ammonia from the system. The glass tube was further connected to a heat-resistant plastic tube that
was inserted into a conical flask containing 50 mL of 4% boric acid (w/w) to capture the stripped
ammonia in the form of ammonium borate. A suspension of cow manure and deionized water was
prepared by adding 100 g of the fresh cow manure into 100 mL of water. The pH of the suspension was
adjusted to 7, 9 and 12 using the required volumes of 15 N KOH as determined from the pH calibration
trial. The suspension was heated to different stripping temperature, i.e., 75, 85, 95 and 100 ◦C for 5 h.
The boric acid was collected after the stripping and titrated with a 0.01 N sulfuric acid solution, using
a methyl orange mixture as an indicator, to estimate the amount of ammonia absorbed by the boric
acid during the stripping process. After the completion of the stripping process, the treated effluents
(digestate) were dried at 70 ◦C, ground, sieved using1 mm sieves, and stored at 4 ◦C in closed glass
bottles for further analyses.

2.4. Cow Manure Effluents Analysis

The pH and EC of the effluent were measured in a 1:10 (v/w) ratio. The total nitrogen was extracted
using sulfuric acid and measured using micro-Kjeldahl (UDK 132 automatic distillation system 230V,
Italy). The total carbon concentration was oxidized using K2Cr2O7 following the method described
in [33]. Total P, K, Ca, Mg, Na, Zn, Cu, Fe and Mn were extracted and analyzed as mentioned above.
EDX and FTIR were performed using the same procedure as mentioned in cow manure analysis.

2.5. Dynamics of Ammonia Stripping

The temporal changes in ammonia stripping were studied in the thermal stripping assembly
at different time intervals. The manure suspension in a1:1 ratio (w/v) with deionized water was
prepared. The pH was adjusted with the addition of0, 0.5, and 2.5 mL of 15N KOH to obtain different
pH levels of 7, 9, and 12, respectively. The stripping was performed at different temperatures, i.e., 75,
85, 95, and 100 ◦C. Sulfuric acid was used to capture the stripped ammonia instead of boric acid.
The stripping solution was changed after 0.5, 1, 2, 3, 4 and 5 h. At the end of experiment, sulfuric acid
was back-titrated against 0.25N NaOH to estimate the concentration of the adsorbed ammonia. The
filtrate temperature in the stripping was flask monitored with a thermometer. Following the recovery
of ammonia, treated effluents were collected, dried at 70 ◦C, and ground with an electric mixer. The
treated effluents were then analyzed for total C, N, P, K, Ca, Mg, and other micronutrients (Fe, Cu, Zn,
and Mn) following the same procedure that was used for the fresh manure analysis.

2.6. Statistical Analysis

In the ammonia recovery trial, two-way ANOVA was performed to test the effects of temperature
and pH on ammonia recovery. While for the ammonia dynamics, a three-way ANOVA was performed
to test the effects of temperature, pH, and stripping time on ammonia recovery.

3. Results and Discussion

3.1. Adjustment of the Initial Manure Paste with KOH

In order to obtain the selected manure initial pH, the effect of 0.1N KOH on the manure pH was
investigated. The relation between the added alkali and the pH rise followed a sigmoidal function with
three parameters (p < 0.0001 and R2 = 0.9967). Increasing the pH of the cow manure to 12 required
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40% more alkali than for the increase to a pH of 9. The pH increased rapidly with the addition of
KOH at the beginning of titration, while it slowed down subsequently, and stabilized afterward. It
was noted that the pH rapidly increased to 10.5 with the addition of just 0.2 meq g−1 of KOH, the pH
increased by almost 2, from 10.5 to 12.3, with the addition of 0.4 meq g−1 of KOH, while the addition of
0.4–0.9 meq g−1 of KOH exhibited minimal increase in the pH. The Best fit was achieved using the
sigmoidal curve as shown in Figure 1. The linear fit adequately described the starting range of the base
additions, while increasing the KOH led to the distinct sigmoidal shape with an inflation point around
pH 12 that then plateaued until the end, suggesting that a lower pH can reduce the amount and cost
of alkali needed for ammonia stripping. One study [14] used NaOH to raise cow manure pH and
stated that raising the cow manure pH to a pH of 9 in order to produce 1 kg (NH4) of 2SO4 required
0.28 × 10−7 kg NaOH for digested manure and 1.43 × 10−7 kg for undigested manure. Also, the results
of El-Bourawi et al. [36] mentioned that KOH was used to increase wastewater pH to achieve high
ammonia recovery.

Sustainability 2019, 11, x FOR PEER REVIEW 5 of 16 

increased by almost 2, from 10.5 to 12.3, with the addition of 0.4 meq g‐1 of KOH, while the addition 

of 0.4 – 0.9 meq g‐1 of KOH exhibited minimal increase in the pH. The Best fit was achieved using the 

sigmoidal curve as shown in Figure 1. The linear fit adequately described the starting range of the 

base additions, while increasing the KOH led to the distinct sigmoidal shape with an inflation point 

around pH 12 that then plateaued until the end, suggesting that a lower pH can reduce the amount 

and cost of alkali needed for ammonia stripping. One study [14] used NaOH to raise cow manure pH 

and stated that raising the cow manure pH to a pH of 9 in order to produce 1 kg (NH4) of 

2SO4required0.28 × 10‐7 kg NaOH for digested manure and 1.43 × 10‐7 kg for undigested manure. Also, 

the results of El‐Bourawi et al. [36] mentioned that KOH was used to increase wastewater pH to 

achieve high ammonia recovery. 

 

Figure 1. Theeffect of the addition of KOH (meq g‐1) on the pH of fresh cow manure paste (1/1 v/v). 

3.2. Effect of Temperature on Ammonia Recovery 

Initial pH and distillation temperatures showed a significant impact on ammonia recovery (AR) 

as shown in Table 1. Data showed that the highest concentrations of ammonia were recovered at an 

increased temperature and pH. The two‐way ANOVA statistical analysis showed that the stripping 

temperature and pH were highly significant factors that determined the efficiency of ammonia 

recovery (p = 0.000). The maximum ammonia recovery (90.2%) was obtained at a distillation 

temperature of 95 oC and an initial pH of12, while the lowest recovery value (20.2%) was observed at 

75 oC and a pH of 7. At a low pH (7 and 9), increasing the distillation temperature from 75 to 100 °C 

resulted in approximately two‐fold increase in the recovered ammonia, from 20% to 53% when pH = 

7, and from 46% to 72% when pH = 9. A similar, but less pronounced, trend was observed in using a 

higher initial pH (pH = 12), where the AR increased by only 7% when distillation temperature was 

increased from 75 to 100 oC. The statistical analysis showed that a75 °C distillation temperature 

significantly reduced AR in all the treatments, while increasing the distillation temperature from 95 

to 100 oC did not show a statistically significant increase in AR. These results agree with those of Ding 

et al. [37], who found that increasing the feed temperature resulted in increased ammonia removal 

from solutions. He attributed this increase to the overall increase in the liquid mass transfer 

coefficient (kL) and the gas transfer coefficient (kG). Similar results were reported by Tao et al. [14], 

who studied how AR from digested and undigested dairy manure was affected by temperature, pH, 

and dissolved solids content. They found that 102 oC was the most favorable distillation temperature 

for ammonia stripping. The results are also in agreement with Duong et al. [38]who studied thermal 

ammonia removal from an aqueous solution when assisted by vacuum membrane and found that 

higher feed temperatures increased the ammonia removal rate up to 83%. 

 Added KOH (meq. g-1)

0.0 0.2 0.4 0.6 0.8 1.0

p
H

 o
f 

fr
e

s
h

 c
o

w
 m

a
n

u
re

 p
a

s
te

 (
1
/1

 v
/v

)

6

8

10

12

14

Titration 

Simulation

Figure 1. Theeffect of the addition of KOH (meq g−1) on the pH of fresh cow manure paste (1/1 v/v).

3.2. Effect of Temperature on Ammonia Recovery

Initial pH and distillation temperatures showed a significant impact on ammonia recovery (AR)
as shown in Table 1. Data showed that the highest concentrations of ammonia were recovered at an
increased temperature and pH. The two-way ANOVA statistical analysis showed that the stripping
temperature and pH were highly significant factors that determined the efficiency of ammonia recovery
(p = 0.000). The maximum ammonia recovery (90.2%) was obtained at a distillation temperature of
95 ◦C and an initial pH of 12, while the lowest recovery value (20.2%) was observed at 75 ◦C and a
pH of 7. At a low pH (7 and 9), increasing the distillation temperature from 75 to 100 ◦C resulted in
approximately two-fold increase in the recovered ammonia, from 20% to 53% when pH = 7, and from
46% to 72% when pH = 9. A similar, but less pronounced, trend was observed in using a higher initial
pH (pH = 12), where the AR increased by only 7% when distillation temperature was increased from
75 to 100 ◦C. The statistical analysis showed that a 75 ◦C distillation temperature significantly reduced
AR in all the treatments, while increasing the distillation temperature from 95 to 100 ◦C did not show a
statistically significant increase in AR. These results agree with those of Ding et al. [37], who found that
increasing the feed temperature resulted in increased ammonia removal from solutions. He attributed
this increase to the overall increase in the liquid mass transfer coefficient (kL) and the gas transfer
coefficient (kG). Similar results were reported by Tao et al. [14], who studied how AR from digested
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and undigested dairy manure was affected by temperature, pH, and dissolved solids content. They
found that 102 ◦C was the most favorable distillation temperature for ammonia stripping. The results
are also in agreement with Duong et al. [38] who studied thermal ammonia removal from an aqueous
solution when assisted by vacuum membrane and found that higher feed temperatures increased the
ammonia removal rate up to 83%.

3.3. Effect of Alkalinization on Ammonia Recovery

In all cases, the increase in initial pH led to a highly significant increase in AR. At low distillation
temperatures of 75 and 85 ◦C, AR increased dramatically from 20 to 78% and from 27 to 86% due
to the increase in the initial pH from 7 to 12, respectively. The increase was less pronounced at
higher distillation temperatures of 95 and 100 ◦C, where the AR increased from 43 to 90% and from
53 to 84%, when the initial pH was increased from 7 to 12, respectively. This increase in AR was
due to the conversion of ammonium ions to ammonia gas. Adding an alkali shifted the equilibrium
chemical reaction towards the production of more ammonia particles (Equation (1)). Our finding was
in agreement with that obtained by El-Bourawi et al. [36], where, when vacuum membrane distillation
was used to remove ammonia, pH was a [36] crucial factor in ammonia removal. They concluded that
ammonia removal is difficult and inefficient with no pH adjustment. When Ding et al. [37] studied
ammonia removal from water using a membrane, their results showed that, without the addition of
NaOH, a lower ammonia removal was achieved when compared to the high efficiency of ammonia
removal at pH 11, as shown in Table 1.

Table 1. The effect of pH and distillation temperature on ammonia recovery from fresh cow manure.
Small numbers on top indicate significantly level.

Initial pH Temp (◦C) Recovered NH4 (%) SE

12 75 78.5b 0.3
12 85 84.2a 0.3
12 95 90.2a 2.3
12 100 86.3a 0.7
9 75 46.3c 2.3
9 85 55.3b 2.2
9 95 71.4a 3.4
9 100 72.3a 1.2
7 75 20.2c 0.4
7 85 27.4b 1.0
7 95 43.1a 0.4
7 100 53.0a 0.7

3.4. Effect of Temperature and Initial Alkalinity on the Dynamics of Ammonia Recovery

Although the volatilization of ammonium from an aqueous solutions has been investigated
intensively [39,40], few have investigated the recovery of ammonia from organic amendments.
Therefore, there is a need to understand the dynamics of AR from organic amendments. The time that
the material resides in the distillation reactor is a critical step for the monetization and the scale-up of
AR to an industrial scale. A linear relationship between distillation time and recovered ammonia was
observed at a distillation temperature of 75 ◦C, while at higher temperatures (85, 95, and 100 ◦C) the
relationship followed a logarithmic increase (exponential rise), with an abrupt increase during the
first sixty minutes. As shown in Figure 2, the highest ammonia recovery, i.e., 96%, was achieved at
100 ◦C after five hours of distillation time at a pH of 12, while the lowest recovery was observed at
a distillation temperature of 75 ◦C and a pH of 7. The temperature and pH affected the recovery of
ammonia significantly in all cases (p < 0.05).
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Vapor-liquid equilibrium describes the distribution of a compound between its vapor and liquid
phases. The vapor pressure of a compound in contact with a liquid is largely dependent on temperature.
The variation of the overall mass transfer coefficient is an exponential function of temperature as
described by Henry’s law and the Van’t Hoff equation. Thus, in this research, the exponential rise
function was used to simulate AR as follow:

y = a*(1 − exp(−b*x)), (7)

where y is the recovered ammonium (percent of the total ammonium), x is the time of distillation in
min, a is the time required to reach equilibrium (tipping point), and b is a constant that determines
the shape of the curve. The exponential rise function significantly fitted the AR data in all cases
(p < 0.0001), as shown in Table 2.

Hence, parameters (a) and (b) could be used to predict the required preconditions for AR. It was
concluded that the temperature determined the rate for reaching maximum recovery (curve plateau,)
while pH determined the value of maximum recovery. At lower temperatures, higher values of a were
obtained, indicating a longer time required to reach the equilibrium. At the higher temperatures of 95
and 100 ◦C, the AR curve reached equilibrium in 3 and 2 h, respectively. While at 75 and 85 ◦C, the
recovery was more gradual and the AR curves did not reach the tipping point. This result indicated
that a higher temperature is required to achieve efficient AR in a shorter period, while relatively lower
temperatures could give similar results after a longer duration.

Table 2. Non-linear regression-dynamic fitting of ammonia recovery for cow manure at different pH
and temperature levels.

pH Temp. (◦C) R2 Adj R2 SE of Estimate a b

12 75 0.9963 0.9955 1.557 146.386 0.107
9 75 0.9886 0.9863 1.385 66.539 0.121
7 75 0.9777 0.9732 0.738 26.693 0.110
12 85 0.9733 0.9679 6.805 113.943 0.345
9 85 0.9876 0.9851 2.470 90.948 0.168
7 85 0.9693 0.9631 1.657 31.350 0.225
12 95 0.9792 0.9751 6.055 99.057 0.767
9 95 0.9685 0.9622 4.506 58.793 0.746
7 95 0.9447 0.9336 3.592 34.718 0.662
12 100 0.9981 0.9977 1.659 94.378 2.271
9 100 0.9969 0.9962 1.518 66.468 2.064
7 100 0.9519 0.9423 3.536 37.035 1.304

The level of significance for exponential rise function in all cases was p < 0.0001. Adjusted R-squared (AdjR2).
The Standard Error of Estimate (SE of Estimate).

Results obtained by Yoon et al. [41] revealed that ammonia removal was affected by equilibrium
and mass transfer, and showed that the effect of pH and temperature were considered when the model
equation was applied. Moreover, the ammonia free fraction was increased exponentially until a pH of
11 was reached. Also, results by Vrečko and Hvala [42] studied the ammonia removal from wastewater
and described ammonia stripping through exponential function under aerobic reactors.

3.5. The Efficiency of Ammonia Recovery with Different Acids

The aim of this research was to investigate potential ammonia recovery from manure to produce
liquid, ammonium-based fertilizer. Hence, the recovery of ammonia by sulfuric acid is a very
convenient option, since ammonium sulfate is well-established as a commercial liquid fertilizer. Boric
acid was used to judge the efficiency of sulfuric acid in AR after two hours of distillation. Boric
acid has been used traditionally to measure nitrogen through the recovery of ammonia in a Kjeldahl
apparatus [43]. The efficiency of boric and sulfuric acids in AR from fresh cow manure was calculated
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as a percent of the initial ammonium in the raw materials, Figure 3. Overall, boric acid was more
efficient at AR compared to sulfuric acid. However, sulfuric acid was more efficient than boric acid
when pH was 12 at all temperature treatments, with the exception of 75 ◦C. The effect of temperature
at a lower pH was greater that its effect at a high pH (12). In general, there was a significant difference
between boric acid and sulfuric acid in AR as response to pH change. Swartz et al. [44] showed that
sulfuric acid increased NH3 uptake in anacidic solution and they attributed this to the reaction of
ammonia with H+ at the gas-liquid interface. Boric acid is considered to be a high-ammonia absorbing
solution [45]. Results by Manuzon et al. [46] showed that using a concentrated acidic solution (0.2 N or
higher) increased ammonia capture efficiency up to 98%. The high affinity of sulfuric acid for absorbing
ammonia may be explained by Ndegwa et al. [47], who mentioned that one mole of sulfuric acid could
completely trap two moles of ammonia.
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Figure 3. The efficiency of boric and sulfuric acids in capturing ammonia from fresh cow manure.

3.6. Characterization of the Produced Effluents

The total carbon content and the C:N ratio of the manure effluents increased with the increase in
distillation temperature, as shown in Figure 4. The highest carbon content was noted at 100 ◦C and pH
9 conditions, where total carbon content was 25% more than that of the least carbon content (75 ◦C
with pH 12).

The highest C:N ratio was 16.8 which was obtained at 100 ◦C and pH 9, while the lowest ratio
was 11.04, which was observed at 85 ◦C with pH 12. Huang et al. [48] studied the chemical structures
and characteristics of animal manures and showed a value of 10.7 for the C:N ratio of cow manure.
These results showed a high value for the produced cow manure effluent, which could be used as a
rich carbon source for soil additions, similar to the study implications suggested by Jiang et al. [49].
Total potassium concentration increased in response to the addition of KOH as Table 3 showed, and
the changing of the manure pH during ammonia stripping, while no changes were noted for different
temperatures and distillation times. The EC of the ammonia stripping effluent apparently increased at
pH 12, while no changes were observed at lower pH levels (7 and 9). The starting pH of the raw manure
effluent was 6.3, which slightly increased at pH 12 for ammonia stripping at all the temperatures.
Surprisingly, the pH of the effluent ranged from 8.6 to 9.4 at apH of 12, suggesting that the higher
buffering capacity of manure reduced the effects of KOH addition. The concentrations of Ca, Na, Zn,
Cu, Fe, and Mn were not affected with the addition of KOH to manure.
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Figure 4. Thetotal carbon content and C:N ratio as affected by different distillation temperatures and
pH levels.

Table 3. ThepH, salinity, and elemental composition of the effluent produced from thermal ammonia
stripping of fresh cow manure.

Initial pH Temperature Effluent pH Effluent Salinity P K Ca Mg Na Zn Cu Fe Mn
◦C (1:10) EC dS m−1 mg kg−1

Cow
manure 6.3 5.5 7.8 12.6 14.9 15.4 1.5 0.24 0.10 0.69 0.25

7 75 6.4 5.2 7.2 10.0 13.1 15.0 1.7 0.22 0.09 0.68 0.22
7 85 6.4 4.5 7.6 10.3 13.7 15.9 2.0 0.21 0.09 0.49 0.23
7 95 6.3 5.2 6.8 9.70 13.1 15.1 1.5 0.20 0.08 0.77 0.21
7 100 6.4 5.5 7.2 9.40 13.3 14.3 1.4 0.21 0.09 0.7 0.22
9 75 6.7 5.7 7.1 19.0 13.7 13.1 1.4 0.21 0.09 0.56 0.22
9 85 6.4 5.6 7.4 18.6 13.1 12.6 1.3 0.22 0.09 0.58 0.23
9 95 6.6 4.9 7.4 17.8 13.9 12.8 1.2 0.23 0.09 0.59 0.24
9 100 6.7 4.9 7.4 19.7 12.9 12.6 1.3 0.22 0.09 0.54 0.23

12 75 8.6 9.2 6.2 57.2 11.5 12.0 1.5 0.20 0.08 0.44 0.2
12 85 8.6 9.3 6.4 55.6 11.4 12.5 1.3 0.20 0.08 0.57 0.20
12 95 8.6 9.4 6.8 51.2 12.7 12.3 1.1 0.22 0.08 0.52 0.21
12 100 9.4 9.4 6.5 53.7 11.6 12.4 1.1 0.19 0.08 0.55 0.20

3.7. The EDX Spectra along with the Elemental Composition Spectra of the Raw Cow Manure and Cow Manure
Effluents

The spectra of EDX, along with elemental composition, were assessed for the highest temperatures
(95 and 100 ◦C) at different pH levels (7, 9, and 12). The carbon content increased with increases in
the temperature at all pH levels. It was noted that the carbon content increased from 38.6 to 40.1%,
38.9 to 40.2%, and from 37.7 to 39.4% at pH levels of 7, 9, and 12, respectively, with an increase in
temperature from 95 to 100 ◦C. Also, the results showed that the nitrogen contents decreased from 24.9
to 24.1%, 27.7 to 21.0%, and from 27.6 to 23.5% at pH levels of 7, 9, and 12, respectively, with a change
in temperature from 95 to 100 ◦C. The potassium contents also increased from 1.33 to 1.63% and from
2.3 to 3.4% at a pH of 9 and 12, respectively, with a change in temperature from 95 to 100 ◦C. It was also
noted that the phosphorus contents increased from 0.3 to 0.4%, 0.16 to 0.28%, and from 0.19 to 0.33% at
pH levels of 7, 9, and 12, respectively, with a change in temperature from 95 to 100 ◦C (Figure 5). The
other elemental compositions fluctuated as the temperature and pH of manure changed. The higher
contents of K in effluents that were found at temperatures of 95 and 100 ◦C and at pH 9 and 12 when
compared to the original material could be due to the addition of KOH during the heating process.
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Figure 5. EDX spectra and elemental composition (weight basis) of the raw cow manure and cow
manure effluents produced at (A) pH 7 and 95 ◦C, (B) pH 7 and 100 ◦C, (C) pH 9 and 95 ◦C, (D) pH 9
and 100 ◦C, (E) pH 12 and 95 ◦C, and (F) pH 12 and 100 ◦C.

3.8. FTIR Spectra of the Raw Cow Manure and the Cow Manure Effluents

The FTIR spectra of the fresh cow manure and the striping effluents at low and high temperatures
and at different pH levels are presented in Figure 6. FTIR was used to explore the changes in the
functional groups and the characteristic bands of cow manure due to the changes in temperature and
pH level. Different bands, with different intensities and absorbance, were visible on the spectra. A band
appearing at 3400 cm−1 was termed V1 and represented the H-bonded associated OH [12], which
could be due to moisture or KOH addition. The influential bands, termed V2 and V3, located around
2800 cm−1 were due to the presence of C–H (aliphatic C–H) [50]. The bands V4 and V5, appearing
between 1700–1300 cm−1, were produced by the absorbance of C-bending alkane, C = C stretch of
alkene, N–O stretch of nitro, and C = O stretch of carbonyl [51]. Finally, the presence of a sharp peak
(V6) at 1000 cm−1 was due to the aromatic ethers and polysaccharides (C–H). The intensity of the –OH
peak at 3400 cm−1 increased with the temperature change from 95 to 100 ◦C, indicating the presence of
hydroxyl groups at elevated stripping temperatures [52]. The strength for aliphatic (V4) at 1429 cm−1

decreased with the increase in cow manure temperature, which suggested the decomposition of organic
fatty hydrocarbons [53].
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Figure 6. FTIR spectra of the raw cow manure and the cow manure effluents as affected by two different
temperatures and three different pH levels.

3.9. Implications for Water Management

The application of fresh livestock manures as a soil amendment has been in practice for a long
time. The manure serves as a substantial source of major nutrients in crop production and improves
soil health. However, mismanagement and imbalanced applications of manures may result in various
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environment problems. The surface runoff of nutrients, such as nitrogen, from the manure may cause
significant pollution of nearby water bodies, mainly due to rainfall events. Hence, the runoff losses of
nitrogen from the field may potentially contribute to surface water pollution [54]. The elevated nitrogen
levels result in the development of eutrophication by producing toxic algal blooms, which affect the
human, animal, and aquatic life [55]. Therefore, it is very crucial to reduce nitrogen runoff after manure
application. In the current study, we recovered the available nitrogen in the form of ammonia through
the stripping process, which reduced the free ammonia levels in the manure effluents. Hence, the
application of this effluent would reduce the chances of nitrogen leaching and runoff to nearby water
bodies, resulting in an efficient management strategy for surface water pollution. Moreover, the cow
manure effluents could enhance the nutrient and water holding capacity of the soil.

4. Conclusions

The effects of temperature and alkalization treatments on ammonia recovery from cow manure
were investigated in this study. The manure effluents after ammonia recovery were chemically
characterized. The recovery of ammonia was higher in boric acid when compared with sulfuric acid,
except at an initial pH of 12 and temperatures of 95 and 100 ◦C. The combination of 95 ◦C and pH 12
was found to be the optimum condition for recovering the highest amount of ammonia from fresh
cow manure. Therefore, the temperature and initial pH must be controlled for higher efficiency in
the ammonia stripping process. The manure effluents, after ammonia recovery, exhibited a pH in
range of 6.3 to 9.38, an electrical conductivity of 4.5–9.4 dS m−1, and a total potassium range of 9.4
to 57.2 mg kg−1. Hence, it can be concluded that the recovery of ammonia can be maximized by
optimizing the initial pH and temperature of the ammonia stripping process. Moreover, converting
cow manure to effluent via ammonia stripping could reduce the environmental risks associated with
ammonium nitrogen volatilization and could produce eco-friendly soil amendments.
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