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Abstract: Livestock biogas slurry is an effluent containing nutrients such as ammonium and phos-
phate that are released by the industries. Therefore, recovery and reuse of ammonium and phosphorus
is highly necessary. In recent years, many studies have been devoted to the use of different multivari-
ate statistical analyses to investigate the interrelationship of one factor to another factor. The overall
objective of this research study was to understand the significance of phosphate and ammonium
recovery from biogas slurry using the multivariate statistical approach. This study was conducted
using a range of salts that are commonly found in biogas slurry (ZnCl2, FeCl3, FeCl2, CuCl2, Na2CO3,
and NaHCO3). Experiments with a biogas digester and aqueous solution were conducted at pH 9,
with integration with NH4

+, Mg2+, and PO4
3− molar ratios of 1.0, 1.2, and 1.8, respectively. The

removal efficiency of ammonium and phosphate increased from 15.0% to 71.0% and 18.0% to 99.0%,
respectively, by increasing the dose of respective ions K+, Zn2+, Fe3+, Fe2+, Cu2+, and CO3

2−. The ele-
ments were increased from 58.0 to 71.0 for HCO3

−, with the concentration increasing from 30 mg L−1

to 240 mg L−1. Principal component, regression, path analysis, and Pearson correlation analyses
were used to investigate the relationships of phosphate and ammonium recovery under different
biochar, pyrolysis temperature, element concentration and removal efficiencies. Multivariate statisti-
cal analysis was also used to comprehensively evaluate the biochar and struvite effects on recovery
of ammonium and phosphate from biogas slurry. The results showed that combined study of multi-
variate statistics suggested that all the indicators positively or negatively affected each other. Pearson
correlation was insignificant in many ionic concentrations, as all were more than the significant 0.05.
The study concluded that temperature, biochar type, and varying levels of components, such as K+,
Zn2+, Fe3+, Fe2+, Cu2+, CO3

2−, and HCO3
−, all had a substantial impact on P and NH4

+ recovery.
Temperature and varying amounts of metal salts enhanced the efficacy of ammonium and phosphate
recovery. This research elucidated the methods by which biochar effectively reuses nitrogen and
phosphate from biogas slurry, presenting a long-term agricultural solution.

Keywords: phosphate; ammonium; biogas slurry; biochar; correlation; regression; path analysis;
principal component analysis
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1. Introduction

The growth of extensive husbandry has fueled the development of large-scale and
medium-scale biogas facilities to cope with agricultural residues. Because of its high con-
centration of plant nutrients, such as nitrogen, phosphorous, potassium, and a variety of
organic materials, biogas slurry is commonly utilized as an organic fertilizer. Traditional
land usage, on the other hand, has a hard time using the biogas slurry completely. Because
of its poor value-added qualities, biogas sewage, unlike solid fertilizers, is not suitable for
long-distance shipment and usage [1]. Furthermore, too much biogas slurry irrigation can
hinder agricultural development, pose major environmental dangers to freshwater, ground,
and atmosphere, and even cause adverse effects [2]. The handling of methane sludge has
become a major hurdle in China’s long-term animal breeding development. This difficulty
may be solved by extracting and using the fertilizers in biogas slurry. Membrane filtration,
struvite crystallization, plant uptake, and adsorbents are the most common techniques for
recovering N and P from biogas slurry [3,4]. Membrane contamination and high process-
ing costs are frequent problems in membrane technologies. Because of the lost crystals,
crystallization inevitably causes subsequent scalability and clogging. Plant absorption is
both ecologically benign and cost-effective, but it necessitates a large quantity of land. The
adsorbent processing of biogas slurry, which is a simple and low-energy technique, can not
only prevent nutrient pollution, but the adsorbents can also be employed as fertilizers for
soil development [5]. P and NH4

+ recovery is important in terms of environmental manage-
ment because they promote algal blooms [6] and are found in a variety of wastewaters at
varying amounts [7–9]. Struvite has around 12% N and 51.8% P. Phosphate-rich soils have a
P2O5 value of more than 30%. As a result, a high level of P restoration in struvite adds a lot
of value [10]. Struvite has high nitrogen and phosphorus content, with a nitrogen content
of about 12% and a P2O5 content of 51.8% (P2O5 > 30% is considered to be phosphate-rich
ore), so a large amount of phosphorus recovery products in particular (such as aluminum
phosphate and iron phosphate), therefore struvite is particularly valued [7–12]. Accord-
ingly, this shows that struvite has specific market potential in fertilizer application. The
fast urbanization in China has led to waste production at a large volume from various sec-
tors [13–15]. Struvite crystallization can reclaim phosphorus from waste streams. Struvite
is a highly effective slow-release fertilizer; it has numerous advantages over traditional fer-
tilizers. Struvite has several benefits over traditional fertilizers, i.e., it has minimal leaching
levels and a delayed nutrient release [16–18]. It is suitable for meadows and backwoods
where composts are applied just once like clockwork [19,20]; phosphorus does not hurt
developing plants when applied in a solitary high portion [21]; and phosphorus is an option
for crops that require magnesium, for example, sugar beet [22]. The method of recovering
nitrogen and phosphorus elements in biogas slurry by struvite method is simple, and the
reaction is rapid, which has a high nitrogen and phosphorus removal effect and has good
economic and environmental benefits. Biochar is a solid substance with high carbon content
obtained by pyrolysis carbonization of biomass under anoxic conditions [23]. The biochar
adsorption has shown high accuracy of being uncomplicated to use, of cheap expense,
with no subsequent contamination, and numerous supplies as a phosphate extraction
technique [24]. At normal wastewater pH levels, reactive nitrogen occurs as NH4

+ [25]. It is
also a major pollutant in household grey water and urine [26,27]. Phosphorus can be found
in wastewater as both powerful organic products and decomposed phosphate groups [28].
According to the findings of Luján Facundo [29], the recovery of P was greatest at high pH
and optimal temperature. Other research has shown that phosphates may be recovered
using biochar generated from metal-contaminated feedstock [30]. Many researchers have
been interested in the removal of phosphate from wastewater. Several techniques, such
as biological, chemical, and physical treatment procedures, have been investigated [31].
Although these methods yield great results, they are frequently costly and, like fast sand
filtering, do not provide an easily recovered supply of phosphorus. Both biogas residue
and slurry have a good impact on crop output and quality, as well as on maintaining and
boosting soil fertility [32]. The commercialization of methane slurry is critical since it is
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a form of fertilizer that can be used in a variety of ways. The selection of an appropriate
price for biogas slurry is a critical component of the inquiry to carry out and enable biogas
slurry commercialization [33]. Biogas slurry produces a lot of P, which is a pollutant in
the atmosphere [34]. Phosphorus is the mineral nutrient that is essential for all living
organisms and is required for most creatures in a finite supply on earth; therefore, recovery
of P from waste material for vital uses must be considered [35]. P is the most trace amounts
element for cellulose increase in ecology. As a result, its removal from water is a critical step
in reducing the amount of chemicals reaching the surface waters, limiting algae growth
and water nutrient enrichment [36]. However, too much P in wastewater bodies, due to
untreated sewage waste matter and agricultural run-off, causes an interruption in the food
chain [37] and environmental problems such as eutrophication in lakes, rivers, and seas [38].
More than 2000 million tons of wastewater is produced each year in the rare earth industry,
with NH3-N concentrations ranging from 300 to 5000 mg L−1, while the pollution emission
standard for the rare earth industry requires a directly discharged concentration of less
than 25 mg L−1 and an indirectly discharged concentration of less than 50 mg L−1. Because
of the microbial degradation of organic nitrogen molecules contained in poultry manure,
ammonia (NH3) is a colorless, water-soluble gas form. Because it lacks an ionic charge, it
may be easily discharged as a gas into the environment. The generation of NH3 in litter or
manure is affected by the pH, heat, humidity levels, and total nitrogen of the waste [39].
Improved efficient P retrieval solutions for both solid and liquid waste are needed [40].
There were two hypotheses of this research study. (1) It was hypothesized that struvite and
biochar co-precipitation could be valuable to remove the phosphate and ammonium from
biogas slurry to recover ammonium and phosphate as biochar-based nutrient enriched
fertilizer; (2) It was hypothesized that multivariate statistical analysis is a useful tool to cor-
relate the ammonium and phosphate recovered nutrients with quality indicators. Therefore,
the main objectives of this study were to assess the recovery of phosphate and ammonium
nitrate from biogas slurry effluent via struvite and biochar co-precipitation, and to find out
the multivariate statistical techniques usefulness in determining the relationships of the
recovered nutrient parameters each other. In this way, it is possible to obtain efficient use
of the principal component, regression, path analysis, and Pearson correlation to determine
the phosphate and ammonium recovery from biogas slurry contents. Such effects are
analyzed via an SPSS and R software-based approach aiming at the correlation between
two different regimes.

2. Methodology
2.1. Molar Ratio and pH Adjustment

In this study, artificial wastewater came from the Hainan University marine resource
use laboratory in Haikou, China, which is located in the South China Sea. The experiment
was conducted with an NH4

+: Mg2+: PO4
3− mole fraction adjustment, but the pH was

altered to 8.4–9.6 by adding 1 mol L−1 sodium hydroxide. To avoid NH3 emissions, the
maximum pH for the duration of the experiment was set to nine [41]. Furthermore, for most
waste streams, the pH for low NH4

+: Mg2+: PO4
3− solubility was projected to be 9 [42,43].

At pH 9, the experiment was carried out using 1:1.2:1.8 ratios of NH4
+, Mg2+, and PO4

3−.
The solutions were agitated for 20 min and spun at 200 rpm. During the experiments, the pH
level was also measured. To evaluate variations in NH4

+: Mg2+: PO4
3− ion concentrations

during the crystallization process, the mixture was filtered through a 0.22 µm filter to
remove potentially minute NH4

+: Mg2+: PO4
3− particles that may have formed during the

sampling procedure.

2.2. Details of the Experiment
2.2.1. Preparation of Biochars

The activated carbon used in this work was acquired at various pyrolysis temperatures
from Hainan Province (Haikou). This activated carbon had a particle size range of 0–4 mm.
All of the trials took place in China’s premier marine resource use laboratory at Hainan
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University. There were twelve biochars used in this study, and all the examinations were
finished in three replicates and the means were reported. Different biochars were used to
prepare the biogas slurry of struvite; the particle size of biochar ranged from 0–4 mm, and
0.2 g of biochar was combined with solutions and mechanically stirred at 200 rpm at 25 ◦C.
The pyrolysis temperature was raised to the aimed values of 300 ◦C, 500 ◦C, 700 ◦C and
900 ◦C. The list of full name of biochars are given to below.

Sample number: Biochar type
CK: ——
DG: Bean stem biochar
SH-1: Water hyacinth root biochar
SH-2: Water hyacinth stem and leaf biochar
HSK: Peanut shell biochar
MG-1: Mushroom soil biochar (first batch)
MG-2: Mushroom soil biochar (second batch)
SD: Rice biochar
JM: Jimei block sludge biochar
TA-1: Tongan city sludge biochar
TA-2: Tongan hydrothermal sludge biochar
TA-3: Tongan hydrogel sludge biochar
XJ: Rubber wood biochar

2.2.2. Preparation of Simulated Biogas Slurry

In this research, K2HPO4·3H2O, MgCl2·6H2O, NH4Cl and deionized water were
used to arrange simulated livestock biogas fluid according to the calculated data prepare
simulated livestock and poultry biogas fluid according to the planned data. According to
the chemical equation of struvite precipitation reaction, in order to promote the reaction,
the theoretical molar ratio of PO4

3−, Mg2+, NH4
+ in the solution is 1:1:1, but the research

proves that when Mg2+, P, N is slightly greater than 1, the phosphorus recovery rate was
the highest.

2.2.3. Preparation of Stock Solution

Preparation of K2HPO4 stock solution: 28.5275 g of K2HPO4·3H2O was weighed
precisely, dissolved in an appropriate amount of water, and the volume was made up to
250 mL, and then the solution concentration was 0.5 mol L−1. For the MgCl2 stock solution:
25.4125 g MgCl2·6H2O was accurately weighed, dissolved in a certain amount of water, the
volume made up to 250 mL, and then the concentration was 0.5 mol L−1. For the NH4Cl
stock solution: 6.6863 g NH4Cl was weighed precisely, dissolved in an appropriate amount
of water, and the volume made up to 250 mL at this time, making a solution concentration
of 0.5 mol L−1.

2.2.4. Analytical Methods

Spectrophotometric analyses of phosphate ions and ammonium ions were carried
out using a UV–vis spectrophotometer (UV −650 nm spectrophotometer). Phosphate ion
concentration was determined by using the retaining phosphate in the filtrate, computed by
ammonium molybedate spectrototometeric methods, while ammonium ion concentration
was determined by forming an ultraviolet spectrometer in order to determine the Nessler
technique was used to measure NH4-N concentrations of samples the wavelength useful to
spectroscopy was (UV −450 nm).

2.2.5. Chemical Analysis

A 0.2-µm filter was used to clarify the chemical solution after 10 min of the experiment.
The vitamin C ammonium molybdate method was used to determine (PO4

3−), and the
Nessler technique was used to calculate ammonium nitrate using a spectrometer. All of the
trials were repeated three times, with the results provided as means.
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2.3. Statistical Analysis

Mathematical expertise aids in the collection of data, the application of reliable anal-
yses, and the efficient presentation of results. Statistics is an important part of how we
make scientific discoveries, make data-driven decisions, and make forecasts. In the current
study, data were analyzed with the help of analytical tools such as origin 8.5 SPSS version
2020 and R software. Principal component analysis, regression, and Pearson correlation
analysis were performed by the SPSS V 2020, and path analysis was performed using the R
software [44–46]. The principal component analysis (PCA) was used for understanding the
data structure and character relations, as it helps derive a small number of independent
linear combinations (principal components) from a set of variables, therefore providing
ways to explore how several variables relate to each other. The regression coefficients
of ammonium and phosphate on the different characters studied were analyzed. The
regression analysis was also conducted for the data provided to test the significance of the
independent characters affecting the ammonium and phosphate recovery rate. In path
analysis, phosphate and ammonium removal was used as the dependent variable, and the
other studied characters were use as predictor variables. The Pearson correlation coefficient
is a measure of the linear correlation between two random variables X and Y, and was
performed for to analyze the relationships between ammonium and phosphate characters
accurately. The correlation coefficient (r) was used to measure the strength of relationship
between two variables. All the statistical analyses were carried out using SPSS software
version 2020.

3. Results
3.1. Principal Component Analysis (PCA) of Phosphate and Ammonium Concentration, and the
Removal Effect of Different Biochars, Pyrolysis Temperatures, and Phosphate and Ammonium
Different Element and Removal Concentration

The biplot, which includes both the exploratory factor ratings and the loaded ma-
trices in one biplot presentation, is a common approach to visualize PCA findings. The
plot shows the observations as points in the plane formed by two principal components,
e.g., the x-axis and the y-axis. In Figure 1a, phosphate and ammonium concentration, as
well as the removal effect of different biochar, has been presented. The results show that
phosphate and ammonium concentration in PCA 1 (Dim1) is 75.9%, and PCA 2 (Dim2) is
16.3%. The PO4

3− and NH4
+ recovery efficiencies using 12 different bio-chars were tested.

TA-1 had the highest NH4
+ removal efficiency, whereas JM had the lowest. Meanwhile,

SD (rice biochar) had the best NH4
+ removal efficiency, whereas JM and MG biochar had

the lowest. PCA-biplot analysis of the phosphate, ammonium concentration and removal
effect of different pyrolysis temperature is presented in Figure 1b. Changes happening
after the removal effect of different pyrolysis temperatures on phosphate and ammonium
concentration could be well assumed after witnessing the scores of the first and second
principal component score (Figure 1b), which elucidates 81.1% and 13.9% of the variability,
respectively. Two components were carefully selected from PCA analysis, and each had
eigen values higher than 1.0. The PC1 exposed around 81.1% of the variability, and PC2
showed 13.9% of the variability. The phosphate and ammonium concentration in the pres-
ence of different temperatures showed variations. In Figure 1c, the principal component
analysis of phosphate in different element concentrations is presented in graphical form.
Analysis shows that PCA-biplot has two components, e.g., PCA-1 (Dim1) 76.5%, and PCA-2
(Dim2) 22.4%. Furthermore, the removal efficiency of phosphate also decreased when the
initial concentration of metal ions was increased. The removal efficiencies dropped from
Cu2+, Fe2+, HCO3

−, CO3
2−, Zn2+, and Ca2+. The highest phosphate removal occurs during

the highest removal of PO4
3− ion concentration. The first two principal components were

selected according to the magnitudes of corresponding different phosphate removal, which
should be equal to or higher than each other according to their biplots. In Figure 1d, princi-
pal component analysis of phosphate during different removals is presented in graphical
form. Analysis shows that PCA-biplot has two components, e.g., PCA-1 (Dim1) 98.3%,
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and PCA-2 (Dim2) 0.8%. It agrees with another traditional common rule, that the different
phosphate removal of variance could be explained by at least 98.3% of PCA1, which often
includes the interpretation of PCA which is necessary to understand the data structure.
The biplot is a very popular way of visualizing the results from PCA, as it combines both
the principal component scores and the loading vectors in a single biplot display. The plot
shows the observations as points in the plane formed by two principal components, e.g.,
x-axis and y-axis. Biplot PCA analysis of the ammonium different element concentration is
presented in Figure 1e. Changes happening after ammonium different element (Zn2+, Fe3+,
HCO3

−, CO3
2−, Fe2+, and Cu2+) concentrations could be well assumed after witnessing the

score of the first and second principal component score (Figure 1e), which elucidates 85.5%
and 10.5% of the variability, respectively. In principal component analysis of ammonium,
different element concentrations are presented in graphical explanation. The plot shows the
observations as points in the plane formed by two principal components, e.g., x-axis and
y-axis. Biplot PCA analysis of the ammonium different element concentration is presented
in Figure 1f. Changes happening after ammonium different element concentrations could
be well assumed after witnessing the score of the first and second principal component
score (Figure 1f), which elucidates 97.8% and 1.7% of the variability, respectively. Two
components were carefully selected from PCA analysis, each with eigen values higher
than 1.0. The PC1 exposed around 85.5% of the variability, and PC2 showed 10.5% of
the variability.
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relationship between two or more variables of interest. In Figure 2a, the relationship be-
tween two variables can be quantified as NH4+ concentration, and NH4+ removal efficiency 
is the variable. In the graphical explanation, the relationship between NH4+ concentration 
and NH4+ removal efficiency has been quantified, according to which, as NH4+ concentra-
tion increased, the NH4+ removal efficiency also increased under the biochar effect, and 
the graph was lagged. In Figure 2b, the relationship between two variables can be quan-
tified as PO43− concentration, and PO43− removal efficiency are the variables. In the graph-
ical explanation, the relationship between PO43− concentration and PO43− removal effi-
ciency has been quantified. According to which, as PO43− concentration increased, the 
PO43−removal efficiency also increased under the biochar effect, and the graph was lagged 
after some time. In Figure 2c, the relationship between the two variables can be quantified 
as NH4+ concentration, and NH4+ removal efficiency under pyrolysis temperature is the 
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NH4+ removal efficiency has been quantified under pyrolysis temperature with R2 = 0.624; 
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Figure 1. (a) Principal component analysis (PCA) of phosphate and ammonium concentration,
and the removal effect of different biochars; (b) phosphate and ammonium concentration, and the
removal effect of different pyrolysis temperatures; (c) phosphate different element concentration;
(d) phosphate different removal; (e) ammonium different element concentration; (f) ammonium
different element removal.

3.2. Relationship of Ammonium and Phosphate Concentration with Ammonium and Phosphate
Removal Efficiency, Pyrolysis Temperature, Removal Efficiency and Different Elemental
Concentrations

Regression analysis is a powerful statistical method that allows you to examine the re-
lationship between two or more variables of interest. In Figure 2a, the relationship between
two variables can be quantified as NH4

+ concentration, and NH4
+ removal efficiency is the

variable. In the graphical explanation, the relationship between NH4
+ concentration and

NH4
+ removal efficiency has been quantified, according to which, as NH4

+ concentration
increased, the NH4

+ removal efficiency also increased under the biochar effect, and the
graph was lagged. In Figure 2b, the relationship between two variables can be quantified
as PO4

3− concentration, and PO4
3− removal efficiency are the variables. In the graphical

explanation, the relationship between PO4
3− concentration and PO4

3− removal efficiency
has been quantified. According to which, as PO4

3− concentration increased, the PO4
3−

removal efficiency also increased under the biochar effect, and the graph was lagged after
some time. In Figure 2c, the relationship between the two variables can be quantified as
NH4

+ concentration, and NH4
+ removal efficiency under pyrolysis temperature is the vari-

able. In the graphical explanation, the relationship between NH4
+ concentration and NH4

+

removal efficiency has been quantified under pyrolysis temperature with R2 = 0.624; accord-
ing to which, in the presence of pyrolysis temperature, as NH4

+ concentration increased,
the NH4

+ removal efficiency also increased, and the graph was lagged. In Figure 2d, the
relationship between the two variables can be quantified as PO4

3− concentration, and
PO4

3− removal efficiency under pyrolysis temperature is the variable. In the graphical
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explanation, the relationship between PO4
3− concentration and PO4

3− removal efficiency
has been quantified under pyrolysis temperature with R2 = 0.295; according to which, in the
presence of pyrolysis temperature, PO4

3− concentration and PO4
3− removal efficiency were

shown as a curve with variations. In Figure 2e, the relationship between two variables is
quantified as NH4

+ concentration, and NH4
+ removal efficiencies under different elements

concentrations are the variables. In the graphical explanation, the relationship between
NH4

+ concentration and NH4
+ removal efficiency has been quantified under different

element concentrations, with R2 = 0.787. According to which, as NH4
+ concentration and

removal efficiency was directly promotional, the graph was inclined. In Figure 2f, the
relationship between two variables can be quantified as PO4

3− concentration, and PO4
3−

removal efficiency under different element concentrations are the variables. In the graphical
explanation, the relationship between PO4

3− concentration and PO4
3− removal efficiency

has been quantified under different element concentrations, with R2 = 0.999; according to
which, the PO4

3− concentration and removal efficiency graph was inclined downward. A
linear regression line has an equation of the form y = a + bx, where a x is the explanatory
variable and y is the dependent variable. The slope of the line is b, and a is the intercept
(the value of y when x = 0).
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Figure 2. (a) Relationship of ammonium concentration with ammonium removal efficiency under
different elemental concentrations, (b) phosphate concentration with phosphate removal efficiency
under the biochar effect; (c) ammonium concentration with ammonium removal efficiency under
pyrolysis temperature; (d) phosphate concentration with phosphate removal efficiency under pyroly-
sis temperature; (e) ammonium concentration with ammonium removal efficiency under different
elemental concentrations; (f) phosphate concentration with phosphate removal efficiency under
different elemental concentrations. The number of replications is (n = 3).

3.3. The Key Route Main Path of Removal: (A) Phosphate Removal, (B) Ammonium Removal

The researchers employed path analysis to examine the link between PO4
3− removal

and the relative relevance of direct and indirect impacts on other ions such as CO3
2−,

HCO3
−, Fe2+, Fe3+, Cu2+, Ca2+, and Zn2+. PO4

3− showed a low direct path coefficient
and a high indirect path coefficient, suggesting that it mostly regulated ion activation via
an indirect pathway (Figure 3a). The activation of HCO3

− directly significantly affected
the activation of total PO4

3−, which was maximal, followed by CO3
2−, Fe 2+, Fe3+, Cu2+,

Ca2+, and Zn2+. As shown in Figure 3b, ammonium ions have a high concentration via a
direct pathway.
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3.4. Pearson Correlation under Ammonium Concentration and Removal Efficiency, and Phosphate
Removal Concentration and Removal Efficiency

Using the Pearson correlation of ammonium concentration effect, the ammonium
concentration showed a positive and significant correlation with Fe3+ (r = 0.983 **, Table 1).
The Pearson correlation of ammonium concentration was analyzed, and the Pearson cor-
relation was insignificant in many ionic concentrations, as all were more than the signifi-
cant 0.05. The highest relationship of ammonium concentration was observed with Zn2+

(r = 0.982 **), and K+ ( r = 0.983 **). Furthermore, the ammonium concentration indicated
a non-significant correlation with Cu2+ (r = 0.13), CO3

2− (r = 0.113), Fe2+ (r = 0.116) and
SO4

2− (r = 0.116). Ammonium concentration was positively correlated with Zn2+, Fe3+

and K+, and negatively correlated with Cu2+, CO3
2−, Fe2+, SO4

2−. The Pearson corre-
lation coefficient—also known as Pearson’s r, the Pearson product–moment correlation
coefficient, the bivariate correlation, or colloquially as the correlation coefficient—is a
measure of linear correlation between two sets of data. The Pearson correlation measures
the strength of the linear relationship between two variables. As shown in Table 2, the
Pearson correlation under ammonium removal efficiency was analyzed, and the Pearson
correlation co-efficient was insignificant in many ionic concentrations, as all were more
than the significant 0.01 ammonium removal efficiency that was significantly positively
correlated with all ions: Ca2+ (r = 0.989 **), Zn2+ (r = 0.962 **), Fe3+ (r = 0.999 **), Fe2+

(r = 0.994), correlated with SO4
2− (r = 0.998 **), and highly positively correlated Cu2+

(r = 1.000 **), CO3
2− (r = 1.000 **), HCO3

− (r = 1.000 **) and K+ (r = 1.000 **), (Table 3). The
Pearson correlation of phosphate removal concentration was analyzed, and the Pearson
correlation co-efficient was insignificant in ionic concentration, as all were more than the
significant 0.01. We found that the contribution of phosphate removal concentration was
greatly correlated (p < 0.001) with Ca2+ (r = 1.000 **) and Zn2+ (r = 1.000 **); while, the
highest negative correlation of phosphate removal concentration was documented with
Cu2+ (r = −0.528 *) and K+ (r = −0.523 **). Overall, there was a significant relationship
of phosphate removal concentration with all ions. Ca2+ and Zn2+ was strongly positive
correlated with (r = −1.000–1.000 **); while, Fe3+ (r = −0.303), Fe2+ (r = −0.303), CO3

2−

(r = −0.325), and HCO3
− (r = −0.319) were highly negatively associated with and strongly

positive correlated with K+ and SO4
2− (r = −0.999–0.999 **). As seen in Table 4, the Pearson

correlation of phosphate removal efficiency was analyzed and the Pearson correlation
co-efficient was insignificant in ionic concentration, as all were more than the significant
0.01. Phosphate removal efficiency correlation was significant at the 0.01 level for all ions.
The phosphate removal efficiency indicated a significant correlation with Ca2+ (r = 0.999 **),
Zn2+ (r = 0.999 **) and SO4

2− (r = 0.116 **). Phosphate removal efficiency was positively
correlated with Cu2+ (r = 0.977 **), Fe3+ (r = 0.997 **), Fe2+ (r = 0.998 **), CO3

2− (r = 0.993
**), HCO3

− (r = 0.992 **), K+ (r = 0.998 **) and SO4
2− (r = 0.998 **).

Table 1. Pearson correlation under ammonium concentration.

Ca2+ Zn2+ Cu2+ Fe3+ Fe2+ CO32− HCO3− K+ SO42−

Ca2+ 1 −0.476 * −0.822 ** −0.484 * −0.643 ** −0.618 ** −0.546 * −0.377 −0.593 **

Zn2+ −0.476 * 1 0.849 ** 0.966 ** 0.915 ** 0.936 ** 0.968 ** 0.982 ** 0.362

Cu2+ −0.822 ** 0.849 ** 1 0.855 ** 0.924 ** 0.905 ** 0.864 ** 0.798 ** 0.13

Fe3+ −0.484 * 0.966 ** 0.855 ** 1 0.959 ** 0.881 ** 0.920 ** 0.983 ** 0.347

Fe2+ −0.643 ** 0.915 ** 0.924 ** 0.959 ** 1 0.892 ** 0.912 ** 0.913 ** −0.116

CO3
2− 0.618 ** 0.936 ** 0.905 ** 0.881 ** 0.892 ** 1 0.964 ** 0.879 ** −0.113

HCO3
− −0.546 * 0.968 ** 0.864 * 0.920 * 0.912 ** 0.964 ** 1 0.926 ** −0.217

K+ −0.377 0.982 ** 0.798 ** 0.983 ** 0.913 ** 0.879 ** 0.926 * 1 −0.466

SO4
2− −0.593 ** −0.362 0.13 −0.347 −0.116 −0.113 −0.217 −0.466 1

* Correlation is significant at the 0.05 level (two-tailed). ** Correlation is significant at the 0.01 level (two-tailed).
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Table 2. Pearson correlation under ammonium removal efficiency.

Ca2+ Zn2+ Cu2+ Fe3+ Fe2+ CO32− HCO3− K+ SO42−

Ca2+ 1 0.900 ** 0.980 ** 0.973 ** 0.947 ** 0.989 ** 0.987 ** 0.980 ** 0.987 **

Zn2+ 0.900 ** 1 0.948 ** 0.955 ** 0.962 ** 0.939 ** 0.943 ** 0.950 ** 0.938 **

Cu2+ 0.980 ** 0.948 ** 1 0.999 ** 0.990 ** 0.998 ** 0.998 ** 1.000 ** 0.998 **

Fe3+ 0.973 ** 0.955 ** 0.999 ** 1 0.994 ** 0.995 ** 0.996 ** 0.999 ** 0.997 **

Fe2+ 0.947 ** 0.962 ** 0.990 ** 0.994 ** 1 0.981 ** 0.984 ** 0.990 ** 0.985 **

CO3
2− 0.989 ** 0.939 ** 0.998 ** 0.995 ** 0.981 ** 1 1.000 ** 0.998 ** 0.998 **

HCO3
− 0.987 ** 0.943 ** 0.998 ** 0.996 ** 0.984 ** 1.000 ** 1 0.999 ** 0.998 **

K+ 0.980 ** 0.950 ** 1.000 ** 0.999 ** 0.990 ** 0.998 ** 0.999 ** 1 0.998 **

SO4
2− 0.987 ** 0.938 ** 0.998 ** 0.997 ** 0.985 ** 0.998 ** 0.998 ** 0.998 ** 1

** Correlation is significant at the 0.01 level (two-tailed).

Table 3. Pearson correlation under phosphate removal concentration.

Ca2+ Zn2+ Cu2+ Fe3+ Fe2+ CO32− HCO3− K+ SO42−

Ca2+ 1 1.000 ** 0.528 * −0.385 0.981 ** 0.964 ** 0.972 ** 0.998 ** 0.994 **

Zn2+ 1.000 ** 1 0.528 * −0.385 0.981 ** 0.964 ** 0.972 ** 0.998 ** 0.994 **

Cu2+ 0.528 * 0.528 * 1 0.581 * 0.586 * 0.551 * 0.564 * 0.523 * 0.543 *

Fe3+ −0.385 −0.385 0.581 * 1 −0.303 −0.325 0.319 −0.387 0.362

Fe2+ 0.981 ** 0.981 ** 0.586 * −0.303 1 0.993 ** 0.990 ** 0.989 ** 0.994 **

CO3
2− 0.964 ** 0.964 ** 0.551 * −0.325 0.993 ** 1 0.992 ** 0.977 ** 0.983 **

HCO3
− 0.972 ** 0.972 ** 0.564 * −0.319 0.990 ** 0.992 ** 1 0.980 ** 0.986 **

K+ 0.998 * 0.998 ** 0.523 * −0.387 0.989 ** 0.977 ** 0.980 ** 1 0.999 **

SO4
2− 0.994 ** 0.994 ** 0.543 * −0.362 0.994 ** 0.983 ** 0.986 ** 0.999 ** 1

** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level.

Table 4. Pearson correlation under phosphate removal efficiency.

Ca2+ Zn2+ Cu2+ Fe3+ Fe2+ CO32− HCO3− K+ SO42−

Ca2+ 1 0.99 * 0.97 * 0.98 * 0.98 * 0.96 * 0.97 * 0.99 * 0.99 *

Zn2+ 0.99 * 1 0.97 * 0.98 0.98 * 0.96 * 0.97 * 0.99 * 0.99 *

Cu2+ 0.97 * 0.97 * 1 0.97 * 0.97 * 0.96 * 0.96 * 0.97 * 0.97 *

Fe3+ 0.98 * 0.98 * 0.97 * 1 0.99 * 0.98 * 0.98 * 0.99 * 0.99 *

Fe2+ 0.98 * 0.98 * 0.97 * 0.99 * 1 0.99 * 0.99 * 0.98 * 0.99 *

CO3
2− 0.96 * 0.96 * 0.96 * 0.98 * 0.99 1 0.99 * 0.97 * 0.98 *

HCO3
− 0.97 * 0.97 * 0.96 * 0.98 * 0.99 * 0.99 * 1 0.98 * 0.98 *

K+ 0.99 * 0.99 * 0.97 * 0.99 * 0.98 * 0.97 * 0.98 * 1 0.99 *

SO4
2− 0.99 * 0.99 * 0.97 * 0.99 * 0.99 * 0.98 * 0.98 * 0.99 * 1

* Correlation is significant at the 0.05 level.

4. Discussion
4.1. Ammonium and Phosphate Recovery from Biogas Slurry by Struvite and Biochar Precipitation

Our study reports the recovery of NH4
+ and P from biogas slurry by combination

of the biochar with struvite precipitation. The P and NH4
+ recovery efficacies reach 33%

and 45%, respectively, and were stable at an optimized pH of 9.0 with twelve different
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types of biochar. NH4
+ and P recovery were better through struvite precipitation and the

biochar adsorption mechanism. Our study is associated with the observations reported by
other Elsevier researchers; they reported that phosphate removal efficiency was gradually
increased when the content of biochar increased [47–50]. These results indicate that biochar
is a good carrier for struvite precipitation to recover P and NH4

+ from the biogas slurry as
a slow-release fertilizer. Likewise to our results, Zheng et al. [50] found that the recovery of
P and N from urine increased by approximately 40–50% and 99%, respectively, under the
combination of biochar and struvite at an optimized pH of 9.0. The time of communication
among biochar and nutrients solution has had a considerable impact on the reactivity of
biochar and element sorption [51]. However, Huang et al. [52] revealed that maximum
removal was noted when pyrolysis was repeated five times at pH 8.0–8.5. Conversely, [53]
observed that ammonium removal efficiency (mass) was decreased from 92% to 77% after
five recycles. The removal efficiency of phosphate and NH4

+ is not directly proportional
of each of the biochar specimens to the biochar dose. This is an overall fact during the
adsorption method, which is mostly due to the overlap of adsorption sites based on the
solid increase [54–56].

4.2. Principal Component Analysis (PCA) Analysis of Different Indicators

In this study, PCA was conducted on different twelve biochars, different pyrolysis
temperature, different ion concentrations of ammonium and phosphate removal efficiency.
First, the applicability of PCA was tested by the SPSS 2020 software. The results are
shown in Figure 1a, 75.9% PCA-1 (Dim1) and 16.3% PCA-2 (Dim2), indicating that the
data is suitable for phosphate and ammonium concentrations and the removal effect
of different biochar PCA. Figure 1b indicates the results of phosphate and ammonium
concentrations and the removal effect of different pyrolysis temperatures: PCA-1 (Dim1)
81.1%, and PCA-2 (Dim2) 13.9%. Figure 1c reveals the results of phosphate different
element concentrations: PCA-1 (Dim1) 76.5%, and PCA-2 (Dim2) 22.4%. In Figure 1d the
results regarding phosphate different removal can be observed, PCA-1 (Dim1) 98.3%, and
PCA-2 (Dim2) 0.8%. Figure 1e presents the results found regarding ammonium different
element concentration, PCA-1 (Dim1) 85.5%, and PCA-2 (Dim2) 10.5%. Figure 1f indicates
the results of ammonium different element concentration, PCA-1 (Dim1) 97.8%, and PCA-2
(Dim2) 1.7%. These results were used to verify the sufficiency of the example [57], and the
reach of independence variable [58], respectively. The aims of the PCA were to extract the
necessary information representative of the typical characteristics of the water environment
from a large amount of data, and represent it as a new set of independent variables of
the principal component [59]. Previous research has shown that COD (chemical oxygen
demand) and NH4

+ are the eigenvalues of each principal component. The scree plot helps
us to determine that N in the Xin’anjiang River is mainly derived from human sewage
and agricultural wastewater [60]. The TN (Total nitrogen) and TP (Total phosphorus) in
Xin’anjiang River mainly originated from surface run loss of nitrogen and phosphorus
from tea plantations [61]; there is no universal rule for the estimation of a number of PCs
(Prin-cipal components) [62].

4.3. Regression Analysis of Different Indicators

The present study examines the impact of key factor relationships of ammonium
concentration with ammonium removal efficiency under the biochar effect. We provided
graphical explanation of the relationship of ammonium concentration with ammonium
removal efficiency under the biochar effect, and the overall significance of the model
can be seen from the value of the coefficient of multiple determinations; that is, the R-
square. The value of the R-square (as seen in Figure 2a) is 1, which is high, showing that
about 100% of the total change in removal efficiency of biochar at different concentrations
of ammonium can be explained by the five explanatory variables chosen in this study.
Regarding the relationship of phosphate concentration with phosphate removal efficiency
under the biochar effect, the calculated value of the F statistic (as seen in Figure 2b) is
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R2 = 0.999, which is highly significant. For the relationship of ammonium concentration
with ammonium removal efficiency under pyrolysis temperature (as seen in Figure 2c),
R2 = 0.624. For the relationship of phosphate concentration with phosphate removal
efficiency under pyrolysis temperature, R2 = 0.295 (Figure 2d). Regarding the relationship
of ammonium concentration with ammonium removal efficiency under different elemental
concentrations, R2 = 0.787 (Figure 2e). For the relationship of phosphate concentration
with phosphate removal efficiency under different elemental concentrations, R2 = 0.999
(Figure 2f). Our results show that ammonium concentration and biochar positively and
significantly influence removal efficiency. Additionally, biochar is a key factor, showing
a positive effect on removal efficiency. These findings are consistent with the findings of
other studies, including [63–66], which show that there is a positive and significant impact
of ammonium and phosphate on the removal effect of biochar [67].

4.4. Route Main Path Analysis of Different Indicators

Results for the path analysis are shown in Figure 3a for phosphate removal, and
Figure 3b for ammonium removal; our results are similar to those of other researchers who
reported that non-significant relationships existed between phosphate and ammonium
removal [68,69]. Additionally, the results of our study are consistent with the findings
of others [69–71]. Furthermore, several researchers have found significant relationships
between P and other metal ions [69,71,72]. Several researchers have suggested that acid
ammonium extractions are not appropriate for calcareous soils where calcium dominates P
sorption reactions [73–75]. Therefore, path analysis and regression were conducted after
the removal of ions with pH 7.0 from the data set [68]. Therefore, ammonium removal
relationships were developed to link path analysis, as well as to enhance the ammonium
removal processes [76]; a series of linear regression and path analysis results determined
the NH4

+-N and P transformation rates of processes [77–80].

4.5. Pearson Correlation of Different Indicators

In order to analyze and confirm the relationships, Pearson’s correlation analyses were
applied to the data. As shown in Table 1 (r = 0.983 **), Pearson’s correlation under ammo-
nium concentration indicated significant differences in the mean squares from analysis of
variance, at the p ≤ 0.01 level. In Table 2, Pearson’s correlation under ammonium removal
efficiency was at the 0.01 level of significance. As shown in Table 3 (r = 0.1000 **), Pearson’s
correlation under phosphate removal concentration was at the 0.01 level of significance and
also for the Pearson’s correlation under phosphate removal efficiency, as seen in Table 4
(r = 0.999 **). There was a statistically important positive correlation between ammonium
and phosphorus at 0.01 levels, while only Cu2+ and K+ had a strong negative correlation,
with (r = −0.528–0.523 **), at the 0.01 level, signifying their similar source of origin and
mobility [80]. It was hypothesized that metals with a high positive correlation are possibly
from the same pollution source [81]. P uptake was correlated with P concentration in the
media, with more rapid uptake at higher initial concentrations [82,83]. The results show
that the correlation coefficient values between ammonium and phosphates were found to
be 0.96 and 0.98, respectively, which indicated the impact of the positive correlation with
phosphate and ammonium levels [84].

5. Conclusions

In this study, which used the technology of struvite and biochar co-precipitation to
recover ammonium and phosphate from biogas slurry, the main findings are as follows:
struvite is the best adsorbing agent and can remove the greater concentrations of ammo-
nium and phosphate from mushroom soil biochar and rice biochar, and reduce the impact
of Ca2+ on the struvite formation. Under the optimal conditions for struvite precipitation,
18.0% to 99.0% of phosphate and 15.0% to 71.0% of ammonium can be recovered, indicating
a substantial nutrient recovery effect. The PCA and different statistical approaches were
used to extract the most significant indicator parameters of the ammonium and phosphate



Sustainability 2022, 14, 5617 17 of 20

recovery from biogas slurry. Changes happening after the removal effect of different py-
rolysis temperature on phosphate and ammonium concentration could be well assumed
after witnessing the score of the first and second principal component score, which elu-
cidates 81.1% and 13.9% of the variability. Regression analysis indicated that as PO4

3−

concentration increased, the PO4
3− removal efficiency was also increased under the biochar

effect, and the graph was lagged. Path analysis examined the link between PO4
3− removal

and the relative relevance of direct and indirect impacts on other ions, such as CO3
2−,

HCO3
−, Fe2+, Fe3+, Cu2+, Ca2+, and Zn2+. PO4

3− showed a low direct path coefficient
and a high indirect path coefficient. According to the Pearson correlation, the ammonium
concentration showed a positive and significant correlation with Fe3+ (r = 0.983 *). The
Pearson correlation of ammonium concentration was analyzed and the Pearson correlation
was insignificant in many ionic concentration, as all were more than the significant 0.05.
The highest relationship of ammonium concentration was observed with Zn2+ (r = 0.982 **),
and K+ (r = 0.983 **). Although the multivariate statistical analysis approach is standard
form and is a widely used and adaptive descriptive data analysis tool, it also has many
adaptations of its own that make it useful to a wide variety of situations and data types in
numerous disciplines. The main technical findings of this study indicated that mushroom
soil biochar and rice biochar are likely to be valuable sorbents for N and P recovery from
biogas slurry, and could be used as a slow-release fertilizer. This precipitation process
might also aid in the disposal of biogas sludge in both urban and rural areas.
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