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Abstract: The precipitation of struvite from wastewater is a potential alternative for the recovery
of nutrients, especially phosphorus, which is an essential macronutrient for agriculture but can be
harmful to the environment when improperly disposed of in water bodies. In addition, struvite has
elements of great added value for agricultural activity (P, N, and Mg) and is, therefore, considered a
sustainable alternative fertilizer. In its formation process, several intervening physicochemical factors
may be responsible for the production yield levels. Optimization processes can help to define and
direct the factors that truly matter for precipitation. In this context, a sequential design of experiments
(DOE) methodology was applied to select and optimize the main struvite precipitation factors in
wastewater. Initially, a screening was performed with eight factors with the aid of Plackett–Burman
design, and the factors with a real influence on the process were identified. Then, a Doehlert
design was used for optimization by applying the response surface methodology and the desirability
function. The results were used to identify the optimal points of the pH (10.2), N/P ratio (≥4), and
initial phosphorus concentration (183.5 mg/L); these values had a greater effect on phosphorus
recovery and the production of struvite, which was confirmed through thermochemical analysis of
the decomposition of its structure by differential scanning calorimeter—glass transition temperature
(DSC-TG) and phase identification by X-ray diffraction (XRD). The determination of the best synthesis
conditions is an enormous contribution to the control of the process because these conditions lead to
better yields and higher levels of phosphorus recovery.

Keywords: DOE; combined responses; phase identification; thermochemical analysis

1. Introduction

Phosphorus is a nutrient of great relevance and one of the most essential elements,
if not the most essential, for all living organisms on planet Earth [1–4]. Due to its high
reactivity, phosphorus is available on Earth’s crust in the ionic form of orthophosphate(

PO3−
4

)
, which is characteristically distributed as phosphate minerals. Its biological impor-

tance is based on the constitution of genetic material in the form of monoesters or diesters
(C-O-P bonds) that exist in the molecules of adenosine triphosphate (ATP), DNA, and
RNA as well as its role in the production of chemical energy that ensures the development
of living beings, especially plants. Plants fundamentally depend on phosphorus for the
vital functions of growth, flowering, and fruit production, and they transform inorganic
phosphorus from minerals present in the soil into organic phosphorus [2,4].

During the phosphorus cycle, phosphate ions are leached from phosphate rocks, re-
leased into the soil, and then absorbed through the roots of plants. This activity constitutes
one of the final stages of the geochemical phosphorus subcycle. In the biological subcycle,
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plants synthesize phosphate by transforming it into an energetic and structural compo-
nent [5]. Phosphorus, now in the form of a molecular constituent of living beings, follows
the trophic chain as it is consumed and transferred among organisms, which in turn release
phosphorus through excrement and/or death. Thus, phosphorus returns to the soil by the
action of decomposers and can participate in several reactions that make it available again
to plants or that immobilize it in microbial biomass [4–6].

In the biological subcycle, phosphorus naturally follows its course; some of it is kept in
the soil solution and some of it is transported to water bodies. However, the excessive hu-
man consumption of phosphate resources and the large deposition of urban and industrial
wastes negatively drive the accumulation of this element in water bodies [6–9]. Phosphorus
bioaccumulation poses a certain threat to the ecological environment and can cause several
environmental problems, such as the eutrophication of rivers and lakes [6–8,10–12].

Sustainable actions to address the phosphorus cycle have been debated for decades
because in addition to the numerous losses and immobilizations during its cycle, its
main source, which has a geological origin, is a finite and nonrenewable resource [13,14].
Temporal estimates show that existing phosphate reserves will be depleted in the next
50–100 years [13,15]; more optimistic forecasts estimate that these sources will last for ap-
proximately 100–400 years, given technological advances and the possible exploitation
of new stocks [16,17]. This impact is due to the increasingly exponential growth of the
world population and increasing demands for food. Food production is in turn conditioned
by the global agricultural market, which depends on fertile soils, pesticides, and favor-
able edaphoclimatic conditions [13,14,18,19]. In this global context, strategies for using
phosphate resources are required, and the search for alternative and sustainable sources is
necessary. Strategies for the recovery and/or recycling of phosphorus from wastewater
(domestic and industrial sewage) have been shown to be viable and promising, with the
reclaimed phosphorus being used for fertilizer.

Different wastewater technologies for phosphorus recovery have been developed and
researched [20–22]. Many of these technologies are based on the physicochemical process
of precipitation [23,24] and produce calcium and magnesium inorganic phosphates [21].
Among the precipitation products, magnesium ammonium phosphate hexahydrate, or
struvite (MgNH4PO4·6H2O), is notable, which is a mineral that has a large added value.
Its orthorhombic crystal structure consists of equimolar chemical proportions of the ions
PO3−

4 , NH+
4 and Mg2+ [25–27], all of which are plant nutrients. Struvite is characterized as

a qualitatively slow-release fertilizer with low solubility and a low metal content [28]. The
physicochemical properties that permeate the crystallization of struvite are conditioned
mainly by the pH, the concentration and proportion of ionic components, and the presence
of impurities [26,29]. Several other compounds tend to coprecipitate with struvite, and
the formation of calcium phosphates (brushite, amorphous calcium phosphate) and other
magnesium phosphates (bobierrite and brucite), in addition to similar struvites, which are
generated through different isomorphic substitutions in the structure of the solid solution,
is possible [25,30,31].

Many methods to develop and/or optimize the struvite precipitation process have
been proposed. Certain statistical tools and methodologies are key to this goal. Kumar
and Pal (2013) [32] studied the optimal concentrations of ammonium, phosphate, and
magnesium ions during the precipitation and recovery of struvite from raw wastewater
from a coke plant and developed a hybrid process by proposing a regression model
considering the removal of NH4-N as a response. Optimal parameters of struvite synthesis
were also stipulated by Capdevielle et al. (2013) [33], who investigated the effects of
the mixing rate, temperature and Ca, Mg, and N concentrations on the precipitation of
struvite from synthetic wastewater. Daneshgar et al. (2019) [34] investigated the effects
of the pH, the presence of calcium, and the concentration of nitrogen on the efficiency
of phosphorus recovery through struvite precipitation by applying chemical modeling
together with the response surface methodology (RSM). The RSM was also used by Thant
Zin and Kim (2019) [35], who promoted the optimization of struvite production from food
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processing wastewater and sewage sludge ash as a function of variations in the pH and N
and Mg concentrations.

Statistical methods can be used to investigate the effects of the variables that affect a
process and quantitatively determine the efficiency factors to thereby optimize the process
to make it economically feasible. Multivariate experimental designs are tools that have
high efficacy for optimization and enable the simultaneous evaluation of several factors by
using reduced amounts of experiments. The applicability of these designs is conditioned by
the process responses, which enable the detection of significant effects, the determination of
optimal regions, the generation of adjusted optimization models and the analysis of optimal
points with combined responses if the process has more than one response variable [34]. In
addition, experimental designs are the basis for the application of the RSM, which can be
used to determine the impact of variations in the degrees of freedom of the factors at the
optimal points [34,36].

Experimental designs are widely disseminated and commonly used for the optimiza-
tion of various processes. The precipitation of struvite from wastewater has been a recent
target in experimental designs aiming to identify the best production conditions given
the various physicochemical reaction factors that can affect the process and its purpose
of use [34,37]. Some studies have used Box–Behnken or central composite designs to
evaluate the impact of some reduced variables and to optimize the synthesis process
through responses such as phosphorus recovery [34], the mean particle size of precipitated
struvite [38], and the removal of ammonium [32].

Screening designs such as the Plackett–Burman and second-order designs in a Doehlert
matrix are rare in studies on the optimization of struvite synthesis. The principle of the
Plackett–Burman experimental design is the investigation of factors influencing the process,
which can be fixed or eliminated when used in other designs [36,39]. The Doehlert matrix
consists of a multivariate design that is highly effective in generating second-order models.
This design shows a uniform distribution of points within an experimental interval, with
several unequal levels proportional to the importance of each variable. In addition, the
Doehlert design requires a smaller number of experiments compared to other types of
design, such as the central composite design and the Box–Behnken design, which also have
a high degree of efficiency [40–42].

In this context, this study aimed to identify the best conditions for struvite precip-
itation through the recovery and recycling of nutrients from wastewater. Thus, the dif-
ferential proposal of the work consisting of the application of a sequential experimental
design methodology was applied to determine the factors affecting the process through a
Plackett–Burman design and to optimize the synthesis through a Doehlert matrix design
together with the RSM and the desirability function, which enabled the establishment of
an optimized experimental area, regression models for the synthesis, and identification of
the optimal points for struvite precipitation with combined responses. Both experimental
designs were never used to optimize struvite precipitation. In addition to using designs that
are uncommon in studies on struvite production, this study also aimed to investigate the
structure of the precipitated material, the details of the phases formed, and the combination
of phosphorus recovery and the thermo-chemical results of the degradation of the struvite
structure from enthalpy variations as second-order design responses.

2. Materials and Methods
2.1. Synthetic Wastewater Preparation and Synthesis of Struvite

The synthesis of artificial wastewater was conducted in a simple reaction system
following the methodology tested by Meira (2020) [43]. Solutions of K2HPO4, NH4Cl,
MgCl2·6H2O, KCl, and CaCl2 with deionized water were used to prepare the synthetic
wastewater in 2.5 L reactors at room temperature (26 ◦C ± 1 ◦C). Sodium hydroxide
(NaOH) 1 M was used during the synthesis to adjust the pH. The input stoichiometry of
the solutions was established according to each experimental design applied, and the pH
of the reaction medium, the agitation rate, and the reaction time were also defined.
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After the precipitation reaction, the solution was filtered in a vacuum separation
process with quantitative filters (150 mm). The material obtained was dried in an oven at
40 ◦C for 48 h. After drying, the material was deagglomerated, homogenized, and subjected
to phase analysis by powder X-ray Diffractometry (XRD).

2.2. Analytical Methods
2.2.1. Phosphorus Recovery

The phosphorus content in the supernatant solutions was analyzed using the molyb-
denum blue spectrophotometric method [44]. The phosphorus content was determined by
calculating the phosphorus recovery rate (Prec) of the experimental runs. The calculation of
Prec using the P concentration data was performed using Equation (1):

Prec =
CP0 − CPr

CP0

× 100 (1)

where CP0 is the initial PO4-P concentration of the synthetic wastewater, and CPr is the
PO4-P concentration of the solution after synthesis.

2.2.2. Phases Analysis

The phase analysis of the products obtained by precipitation was performed in a
Malvern PANalytical Empyrean diffractometer with a Co anode (Kα1 = 1.789010 Å), with
1800 W long fine focus, an Fe Kβ filter, a PIXcel3D-Medpix3 area detector 1 × 1 in scanning
mode with a voltage of 40 kV and a current of 35 mA, a step size of 0.0065652◦ in 2θ, with
scanning from 2◦ to 110◦, a divergent slit at 1/4◦, and antiscattering at 1/2◦, a 10 mm
mask, and a time step of 19.266 s. The results were interpreted using X’Pert HighScore Plus
software version 4.9, from PANalytical, using the COD database (Crystallography Open
Database) [45]. A profile fit (pseudo-Voigt function) was performed on the diffractograms
to standardize the diffractometric profile of the products with struvite.

2.2.3. Elementary Chemical Analysis

The elemental chemical analysis of the synthesis products was performed in a Malvern
PANalytical Zetium X-ray fluorescence spectrometer in the STD-1 calibration (Standardless)
relative to the nonstandard analysis of the chemical elements between fluoride and uranium.
The samples were prepared in the form of pressed pellets, and the values were normalized
to 100%.

2.2.4. Thermal Analysis

The differential scanning calorimeter—glass transition temperature (DSC-TG) mea-
surements were performed in a NETZSCH thermal analyzer model STA 449F3 Jupiter with
a simultaneous thermal analyzer from Stanton Redcroft and a platinum vertical cylindrical
oven. A temperature range between 25 ◦C and 1000 ◦C was used in a nitrogen atmo-
sphere with a flow rate of 50 mL/min. The heating rate was 5 ◦C/min, with a platinum
crucible as a reference. Approximately 10 mg of sample were used. The enthalpies of
product degradation were measured by using the DSC with heat flux. This technique
enables the area of a peak and the enthalpy variation to be proportionally related through
a temperature-dependent calibration factor. The calibration factor was determined using
the following substances and respective melting points: In (156.6 ◦C), Sn (231.9 ◦C), Bi
(271.4 ◦C), Zn (416.6 ◦C), Al (660.6 ◦C), and Au (1064.4 ◦C). The enthalpy variation at the
peaks (∆H) was determined by Equation (2), and the responses are presented in J·g−1.

∆H = ± A
mK

=
1

mK

t f inal∫
tinitial

[heat f lux (t)− interpolated baseline (t)]dt (2)
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where A is the peak area, m (g) is the sample mass, and K is an empirical constant relative
to the sensor sensitivity.

2.2.5. Particle Size Distribution

The particle size distribution analyses were performed in a granulometer using an
ANALYSETTE 22 MicroTec Plus laser diffraction instrument. The samples were dispersed
in water, the measurements were taken with 100 scans, a beam obscuration of 15%, and
size intervals between 0.08 and 2000.00 µm, and the responses were calculated using the
Mie model.

2.2.6. Fourier Transform Infrared Spectroscopy

The Fourier transform infrared spectroscopy (FTIR) measurements were performed
in an infrared spectrometer with Thermo Scientific Fourier transform, model Nicolet iS50
FTIR. The spectral data were in the mid-infrared (MIR) region, with an IR source, a KBr
beam splitter, and a DTGS KBr detector. All measurements were performed under the
transmission mode with KBr pellets (ratio: 2 mg of sample/150 mg of KBr), and 100 scans
were taken with a spectral resolution of 4 cm−1.

2.2.7. Scanning Electron Microscopy

Morphological analyses were performed to identify the structures and textures of the
synthesis products. Micrographs were obtained using a Thermo Fisher Scientific Quanta
650 FEG scanning electron microscope (Waltham, MA, USA). The analyses were performed
using backscattered and secondary electrons, with a constant acceleration voltage of 15.0 kV
and a working distance of ~14 mm.

2.3. Experimental Design and Statistical Modeling

This study was based on a sequential experimental design methodology. In the first
stage, a Plackett–Burman design was applied to identify and estimate the significant factors
within the synthesis process. In the second stage, after establishing the values of the
factors that did not show significance, a second-order design with a Doehlert matrix was
performed to determine the optimal points of the factors from the regression models using
the RSM and the desirability function.

All experiments were performed randomly. The residuals of the experimental values
and the values obtained by the multiple regression models (which obeyed the assumptions
of independence, randomness, homoscedasticity, and normality of the residuals) were
compared, and analysis of variance (ANOVA) tests were performed with a confidence
level of 95%. Statistical analysis of the data was performed using the outputs generated by
Statistica® software version 13.1.

2.3.1. Plackett–Burman Design

The Plackett–Burman experimental design was used to screen the variables studied
in this synthesis process. This type of design is used to screen a large number of factors,
which can affect the responses in the analysis of a process of interest [36]. The design
consisted of a PB-12 with eight independent factors tested at two levels, which resulted in
12 experimental runs (see Section 3.1). The factors evaluated in this design, as well as their
levels, were selected from process data reported by several authors. The choice of factors
was based on the theoretical and methodological framework, which highlighted important
physicochemical aspects of the struvite synthesis process. The process factors studied, with
their respective units and codes, were the initial phosphorus concentration (mg·L−1, X1),
the pH of the synthetic wastewater (X2), the initial molar ratios (NH4/PO4, X3; Mg/PO4, X4
and K/PO4, X5), the presence of Ca (X6), the time (min, X7), and the agitation rate (rpm, X8).

The screening of the parameters through the PB-12 design was established based on
the phosphorus recovery rate “Prec (%)”, which was considered to be the design response
variable, and the qualitative analysis of the phases formed in the synthesis products.
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The XRD analysis of the phases was performed to evaluate the formation of struvite as
a positive response compared to the formation of other phases or the nonformation of
crystalline material.

2.3.2. Doehlert Matrix Design

By considering the selection of significant factors for the phosphorus recovery rate
response, it was possible to establish a second-order design for the optimization of the
synthesis based on the first-order experimental design. Thus, a Doehlert design for three
factors was used, and the response variables were the phosphorus recovery rate “Prec (%)”
and the enthalpy of the endothermic peak of struvite decomposition “∆H (J·g−1)” response
methodology adapted from Meira (2020) [43].

In this design, the total experimental domain was determined through a minimum
number of experiments, which was related to the number of factors considered in the study.
As a simplified representation, k factors determine the number of experiments based on the
formula k2 + k + 1 by economically planning the ideal number of experimental runs.

In this step, the effects of three factors were investigated: the pH (U1), the N/P ratio
(U2), and the P concentration (U3), which were related to the variables coded according to
Equation (3).

Xi =

(
Ui −Ui

∆Ui

)
(3)

where Xi is the coded value of the variable; Ui is the actual value of the variable; Ui is the
center point value within the experimental range (Equation (4)) and ∆Ui is the range of
variation of factor i (Equation (5)).

Ui =
Upper limit o f (Ui) + Lower limit o f (Ui)

2
(4)

∆Ui =
Upper limit o f (Ui)− Lower limit o f (Ui)

2αi
(5)

where αi is the coded limit value for each factor.
The experimental domain is shown in Table 1. The design matrix is detailed in

Section 3.2.

Table 1. Factors and experimental domain.

Coded Factor (Xi) Factor
Experimental Field

Ui ∆UiLower Limit Upper Limit

X1 U1: pH 9 11 10 0.5
X2 U2: N/P 1 4 2.5 0.5
X3 U3: Pinitial (mg/L) 60 250 155 95

3. Results and Discussion
3.1. Plackett–Burman Design

A PB-12 design was performed to determine the factors affecting the synthesis of
struvite. The experimental matrix with coded and actual factors for the response (Prec) is
detailed in Table 2.

3.1.1. Product Characterization

Figure 1 shows the phase characterization of the products obtained through the
Plackett–Burman design experiments. Six experimental runs showed struvite formation
(Figure 1a). Among them, race numbers 8 and 12 stand out because they presented better
yields regarding the intensity of the main peak of struvite (d111 = 4.25 Å) in the refined (Fit
Profile) diffractometric pattern (Table 3). In runs 1, 3, 8, and 12, the peaks related to the
crystalline planes (002), (012), and (004) of the struvite structure showed a high relative
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intensity, which can be explained by the preferred orientation of the crystals. The material
obtained in experiment no. 3, in addition to containing struvite as the main phase, also
showed the formation of its isomorphic potassium analog (K-struvite), which is corrobo-
rated by the slight displacements in the struvite peaks (Figure 1a). These displacements
occur as a function of the unit cell contraction due to the replacement of NH4+ ions (1.40 Å)
with K+ (1.33 Å) [46,47]. The presence of a struvite analog in sample no. 3 is related to the
concentration of K+ ions in the wastewater, which was slightly higher than the proportion
of the ammonium concentration (Table 2); this result is consistent with the substitutions in
the unit cell. In addition, the radius of the cation affects the stability of the structure, which
consequently increases with larger cations [48]. Therefore, more struvite than K-struvite
was formed due to the structural stability provided by the NH4+ ion compared to the
stability provided by K+.

Table 2. PB-12 design matrix.

Run *
Natural Units Coded Units Response

X1 X2 X3 X4 X5 X6 X7 X8 X1 X2 X3 X4 X5 X6 X7 X8 Prec (%)

1(6) 310 9 3 1 1 no 50 300 1 −1 1 −1 −1 −1 1 1 56.8
2(1) 310 11 1 2.5 1 no 15 300 1 1 −1 1 −1 −1 −1 1 90.3
3(4) 78 11 3 1 2 no 15 100 −1 1 1 −1 1 −1 −1 −1 63.3
4(12) 310 9 3 2.5 1 yes 15 100 1 −1 1 1 −1 1 −1 −1 98.2
5(10) 310 11 1 2.5 2 no 50 100 1 1 −1 1 1 −1 1 −1 86.1
6(3) 310 11 3 1 2 yes 15 300 1 1 1 −1 1 1 −1 1 99.4
7(7) 78 11 3 2.5 1 yes 50 100 −1 1 1 1 −1 1 1 −1 98.3
8(11) 78 9 3 2.5 2 no 50 300 −1 −1 1 1 1 −1 1 1 42.8
9(9) 78 9 1 2.5 2 yes 15 300 −1 −1 −1 1 1 1 −1 1 95.3

10(5) 310 9 1 1 2 yes 50 100 1 −1 −1 −1 1 1 1 −1 89.2
11(2) 78 11 1 1 1 yes 50 300 −1 1 −1 −1 −1 1 1 1 96.9
12(8) 78 9 1 1 1 no 15 100 −1 −1 −1 −1 −1 −1 −1 −1 71.1

* The numbers in parentheses indicate the order of the experiments.

The synthesis products obtained in experiments 4 and 10 also formed struvite as a
single phase (Figure 1a); however, the phase in both experiments showed low-intensity
peaks (Table 3), indicating a low conversion. This low conversion into struvite was due to
the presence of Ca2+ in the wastewater from these runs, which “competes” with Mg2+ and
is responsible for the formation of amorphous calcium phosphate (ACP) as a coprecipitated
material. In supersaturated and alkaline media with high pH values and in the presence of
Ca, P, and Mg, the coprecipitation of ACP with other calcium phosphate compounds may
be common [30,49,50].

The diffractograms of the other experiments (Figure 1b) show the formation of unde-
sired phases in the process, such as brucite (Runs 2, 5, and 7) and bobierrite (Runs 2 and 5),
as well as the formation of amorphous material (Runs 6, 9, and 11). The precipitation of
the brucite and bobierrite phases had a direct correlation with the high Mg/P ratio and
the more alkaline medium (pH 11). In the experiments in which there was an absence of
crystalline phases, the formation of ACP was assumed to be due to the presence of calcium
in solution with a lower supersaturation ratio, given the proportions of Mg (Runs 6 and 11)
and/or ammonium (Run 9) at the lower levels. The presence of other competitive ions
strongly affects the struvite formation process.

3.1.2. Analysis of the Main Effects and Interactions

In conjunction with the phase analysis from the diffractograms of the PB-12 design
experiments, a statistical analysis using the phosphorus recovery rate (Prec) was performed.
The phosphorus recovery values obtained after the synthesis process using PB-12 are shown
in Table 2.
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tions: Stv: struvite; K-Stv: K-struvite; Bob: Bobierrite; Bru: brucite.
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Table 3. Diffractometric data of struvite: d111 (4.25 Å).

Run FWHM * Intensity (cts) Area (cts.◦2θ)

1 0.094 747.89 77.1
3 0.107 940.62 104.4
4 0.095 485.22 41.3
8 0.098 1668.9 174.6
10 0.0867 248.02 15.9
12 0.131 1740.5 200.2

* Full width at half maximum.

Most tests showed phosphorus recovery rates above 70%, which indicates a high
efficiency in the synthesis process. However, according to the analysis of the phases in
the products, not all experiments were efficient for the formation of struvite. From the
runs with phosphorus recovery rates higher than 90% (Runs 2, 4, 6, 7, 9, and 11), only
experiment 4 showed struvite formation, but the peak intensity was reduced (Figure 1).
The product of experimental run 10 showed similar behavior, with a low conversion into
struvite even with a high phosphorus recovery rate (89.2%). Only in experiment 12 was
a high conversion into struvite with a high phosphorus recovery rate observed (71.1%).
The products with a high phosphorus recovery rate and without the presence of struvite
correspond to those with the formation of amorphous calcium phosphate, which is more
favorable than struvite when calcium is present in the reaction medium.

Table 4 shows the statistical analysis of the main effects of the operational factors
evaluated in the PB-12 design for the phosphorus recovery rate response. The response
data were subjected to regression analysis to evaluate the p-value with a confidence level
of 95%. The analysis of the results showed that only the initial phosphorus concentration
(X1), the pH (X2), the molar ratio N/P (X3), and the presence of Ca (X6) were statistically
significant for the response. The greatest effect of the X6 factor in Table 4 is because calcium
reacts in the formation of calcium phosphate, which in this context is established as ACP.
In this sense, this factor is comparatively the most significant and positive factor, but it is
undesirable because it unfavorably affects the formation of struvite.

Table 4. Analysis of the main effects of the PB-12 design variables.

Factor Effect Std. Error p-Value F-Value

P concentration
(X1) 8.6768 2.590749 0.044087 * 11.2168

pH (X2) 13.4928 2.590749 0.013760 * 27.1239
N/P (X3) −11.6635 2.590749 0.020466 * 20.2679

Mg/P (X4) 5.7361 2.590749 0.113670 4.9021
K/P (X5) −5.9252 2.590749 0.106244 5.2306
Ca (X6) 27.8429 2.590749 0.001723 * 115.4989

Time (X7) −7.9125 2.590749 0.055248 9.3277
Mixing rate (X8) −4.1363 2.590749 0.208642 2.5490

* p < 0.05 (Statistically significant values).

The analysis of the values of the p descriptive level and the F statistics contained
in Table 4 allows us to conclude that the factors X4, X5, X7, and X8 were not statistically
significant in the phosphorus recovery.

3.2. Doehlert Design

Based on the results obtained from the Plackett–Burman design, a second-order ex-
perimental design (Doehlert design) was performed with statistically significant factors.
The other factors that were not influential had their values fixed, considering the eco-
nomic constraints of the synthesis: Mg/P ratio = 1/1, K/P ratio = 2/1, absence of calcium,
time = 30 min, and mixing rate = 200 rpm. Table 5 shows the matrix of experiments used.
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Table 5. Doehlert experiment matrix and response Prec (%).

Run *
Natural Units Coded Units Response

pH N/P Pinitial X1 X2 X3 Prec (%)

1(4) 11 2.5 155 1 0 0 55.9
2(2) 10.5 4 155 0.5 0.866 0 74.8
3(9) 10.5 3 250 0.5 0.289 0.817 74.7
4(5) 9 2.5 155 −1 0 0 41.5
5(8) 9.5 1 155 −0.5 −0.866 0 35.8
6(10) 9.5 2 60 −0.5 −0.289 −0.817 30.2
7(7) 10.5 1 155 0.5 −0.866 0 52.3
8(12) 10.5 2 60 0.5 −0.289 −0.817 31.6
9(11) 9.5 4 155 −0.5 0.866 0 65.8
10(15) 10 3.5 60 0 0.577 −0.817 51.5
11(3) 9.5 3 250 −0.5 0.289 0.817 67.9
12(1) 10 1.5 250 0 −0.577 0.817 65.6
13(6) 10 2.5 155 0 0 0 64.1
14(14) 10 2.5 155 0 0 0 67.4
15(13) 10 2.5 155 0 0 0 63.2

* The numbers in parentheses indicate the order of the experiments.

3.2.1. Analysis of the Response: Phosphorus Recovery

The phosphorus recovery results for each test of the Doehlert matrix are shown in
Table 5. The variation in the recovery rate was established in a range of values between
30 and 75%. Similar recovery rates have been found in other studies on the production
of struvite from wastewater. Crutchick and Garrido (2011) [51] obtained struvite crystal-
lization with a phosphorus recovery efficacy of 64% for industrial wastewater and 60% for
synthetic wastewater. In the present study, it is noteworthy that all research was conducted
using synthetic wastewater.

Experimental runs 2 and 3 showed the best Prec responses: 74.8 and 74.7%, respectively.
These results can be explained by the relationship between the relatively higher pH value
and the higher N/P ratios [3]. The lowest phosphorus recovery rates were observed in
experiments 5, 6, and 8, with values close to 30%. These lower recoveries may have been
related to the low concentrations of NH4 and P (Table 5).

3.2.2. Product Characterization

The diffractograms in Figure 2 show the phase analysis of some of the products ob-
tained through the Doehlert design. All experiments presented struvite as the main phase.
In some cases, struvite analogs were also formed (Runs 1, 7, and 8). The formed struvite
analog acts as a compensatory phase and is not detrimental to the synthesis objective be-
cause it has K in its composition, which is a highly valuable nutrient [52], and it contributes
to the recovery of phosphorus from wastewater for use as a slow-release fertilizer.

Due to the formation of struvite as the main phase in all the samples, the adopted
experimental region constituted the optimal synthesis region (thermodynamically stable
region for struvite). This fact is corroborated by the elemental chemical analysis of the
products, which quantitatively shows the presence of the elements that make up the struvite
(Table 6). The high values of P in the products expressed by P2O5 varied between 46 and
51%, while the values of Mg expressed by MgO were between 25.4 and 30.2%, and the
values of ammonium + hydroxyls expressed by the loss on ignition were between 5.2 and
19.1%. The variations in the loss on ignition levels were mainly due to the formation of
K-struvite in some experimental runs, which is confirmed both by the phase analysis and
by the K2O values, which increased at the expense of the loss on ignition values in runs 1,
7, and 8. This increase was due to the isomorphic substitutions between K+ and NH4

+ that
occur in the struvite structure.
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Table 6. Chemical composition of the Doehlert design products by XRF (mass%).

Components
Runs

1 2 3 4 5 6 7 8 9 10 11 12 13

P2O5 46.3 48.2 48.0 51.0 50.2 49.7 49.0 48.3 51.0 49.8 50.7 47.8 49.9
MgO 30.1 25.5 25.4 26.8 26.2 26.1 30.2 27.2 27.1 26.4 27.0 25.6 26.1
K2O 12.8 9.48 9.21 3.49 10.2 5.79 15.3 12.4 2.63 6.05 3.45 10.6 8.53
LOI 10.4 16.8 17.0 18.6 13.3 18.3 5.2 11.7 19.1 17.6 18.8 15.9 15.4

(LOI) loss on ignition at 1000 ◦C.

The FTIR chemical analysis of the functional groups showed great similarity in the
responses of the products obtained. Figure 3 shows the results of experimental runs 3 and 7,
and the bands characteristic of struvite are exposed.

Wide, asymmetric, and well-structured bands were observed in the region between
3500 and 2300 cm−1. These bands are attributed to the vibrations of asymmetric stretching
of the OH− group and vibrations of symmetric and asymmetric stretching of the N–H
bond of the NH4

+ group (Figure 3) [47,53]. These bands have wide and asymmetric shapes
due to the forces of the hydrogen bonds in the struvite structure, mainly those attributed
to water molecules, and the possible overlapping of bands caused by the presence of
various functional groups [53]. The bands located in the ranges of 3500 to 3000 cm−1

are characteristic of the stretching vibrations of the H-O-H molecules of crystallization
water, while the bands observed at the wavelength ~2360 cm−1 are attributed to the
stretching vibrations of the H-O-H of the crystallization water molecules cluster [53–55].
Deformational vibrations of the flexion mode of the H-O-H molecule refer to the bands
present between 1680 and 1600 cm−1 [53,56]. A band positioned at ~760 cm−1 indicates
vibrations related to weak H bonds between water molecules.

The infrared spectra also show two bands characteristic of the NH4
+ functional group.

The band close to 1475 cm−1 is attributed to the deformation vibrations in the plane of
the H–N–H bond, while the band located in the region between 905 and 895 cm−1 can be
attributed to the H bond of the ammonium-water interaction [57] and/or the deformation
vibration of the O–H fragment bound to Mg2+ [54]. The ionic group (PO4)3− was identified
through the bands that are attributed to the strong asymmetric stretching vibrations of
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the P-O bond (~1005 cm−1), the symmetrical deformation vibrations in the plane of the
O–P–O bond (~570 cm−1), and the asymmetric strain vibrations in the plane of the O–P–O
bond (~460 cm−1) [53,56–58]. The formation of small bands at positions ~436 cm−1 and
~690 cm−1 can be attributed to the vibrations of metal-oxygen (Mg–O ) bonds [54,58,59].

Processes 2023, 11, x FOR PEER REVIEW 12 of 23 
 

 

Table 6. Chemical composition of the Doehlert design products by XRF (mass%). 

Components 
Runs 

1 2 3 4 5 6 7 8 9 10 11 12 13 
P2O5 46.3 48.2 48.0 51.0 50.2 49.7 49.0 48.3 51.0 49.8 50.7 47.8 49.9 
MgO 30.1 25.5 25.4 26.8 26.2 26.1 30.2 27.2 27.1 26.4 27.0 25.6 26.1 
K2O 12.8 9.48 9.21 3.49 10.2 5.79 15.3 12.4 2.63 6.05 3.45 10.6 8.53 
LOI 10.4 16.8 17.0 18.6 13.3 18.3 5.2 11.7 19.1 17.6 18.8 15.9 15.4 

(LOI) loss on ignition at 1000 °C. 

The FTIR chemical analysis of the functional groups showed great similarity in the 
responses of the products obtained. Figure 3 shows the results of experimental runs 3 and 
7, and the bands characteristic of struvite are exposed. 

 
Figure 3. Infrared spectra obtained for experiments 3 and 7 according to the Doehlert Matrix design. 

Wide, asymmetric, and well-structured bands were observed in the region between 
3500 and 2300 cm−1. These bands are attributed to the vibrations of asymmetric stretching 
of the OH− group and vibrations of symmetric and asymmetric stretching of the N–H bond 
of the NH4+ group (Figure 3) [47,53]. These bands have wide and asymmetric shapes due 
to the forces of the hydrogen bonds in the struvite structure, mainly those attributed to 
water molecules, and the possible overlapping of bands caused by the presence of various 
functional groups [53]. The bands located in the ranges of 3500 to 3000 cm−1 are 
characteristic of the stretching vibrations of the H-O-H molecules of crystallization water, 
while the bands observed at the wavelength ~ 2360 cm−1 are attributed to the stretching 
vibrations of the H-O-H of the crystallization water molecules cluster [53–55]. 
Deformational vibrations of the flexion mode of the H-O-H molecule refer to the bands 

Figure 3. Infrared spectra obtained for experiments 3 and 7 according to the Doehlert Matrix design.

The products obtained in the Doehlert experiments also showed very similar thermal
behaviors and were divided into three thermal response groups. Figure 4 shows the
DSC-TG representative curves of the three groups: group 1, which corresponds to runs 1, 7,
and 8 and contains struvite and the struvite analog, as represented by run 1 in Figure 4a;
group 2, which corresponds to runs 2, 5, 12, 13, and 15 and contains struvite alone, as
represented by run 2 in Figure 4b and group 3, which corresponds to runs 3, 4, 6, 9, 10, 11,
and 14 and contains struvite alone, but with a difference in the content of the events in
relation to group 2, as represented by run 6 in Figure 4c.

Struvite undergoes decomposition at low temperatures (above 40 ◦C) and is affected
by the heating rate [60]. Thus, by using a heating rate of 5 ◦C/min, the first decomposition
events in the DSC curves appeared between 55.6 and 105 ◦C. The endothermic peaks at
~60 ◦C were observed only in the samples of group 1, which correspond to the presence
of the struvite analog, while the endothermic event at ~100 ◦C occurred markedly in all
samples because it corresponds to the presence of struvite in all products. This event (single,
double, or even multiple) corresponds to the collapse of the struvite family structure, and
the simultaneous loss of ammonia with the loss of structural water [61,62]. When the water
loss precedes the loss of ammonia, an intermediate monohydrate crystalline phase called
dittmarite (MgNH4PO4·H2O) is formed, as shown in Equation (6).

MgNH4PO4·6H2O(s) → MgNH4PO4·H2O(s) + 5H2O(g) (6)
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Figure 4. DSC-TG curves of the products obtained in runs (a) no. 1—group 1, (b) no. 2—group 2,
and (c) no. 6—group 3.

The TG curves (Figure 4) show that the main mass loss occurred between 50 and 110 ◦C.
However, the curves are constant only at ~300 ◦C, because struvite shows significant water
loss above 60 ◦C and is completely transformed into dittmarite at approximately 100 ◦C.
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Thus, the dittmarite is then thermally stable between 90 ◦C and 230 ◦C and completely
dehydrated at ~300 ◦C. Heating above 300 ◦C transforms the dittmarite into an amorphous
phase, Equation (7) [62,63]. The mass loss values were between 40 and 51.5% (Table 7), thus
corroborating the consecutive losses of water and ammonia. Similar values were observed
by Frost et al. (2004) [60], who found mass losses of ~42% during struvite decomposition.
For those products considered to have a high conversion into struvite (Runs no. 2 and
no. 3), the values obtained can be considered equal to the theoretically predicted value of
51.42%; 44.08% corresponds to water loss, while 7.34% represents the loss of NH4 [60].

MgNH4PO4·H2O(s) → MgHPO4(s) + NH4(g) + H2O(g) (7)

Table 7. Losses of mass and enthalpies of decomposition of the products obtained in the
Doehlert design.

Run ∆m (%) ∆H (J·g−1)

1 44.07 895
2 47.98 1078
3 48.60 1029
4 49.94 1103
5 44.96 1057
6 48.20 1081
7 41.07 823
8 43.66 918
9 49.65 1061
10 48.81 1076
11 49.29 1015
12 47.87 1054
13 47.21 1076
14 50.70 1051
15 51.46 1071

Exothermic peaks at ~650–720 ◦C were also observed in the DSC curves. Group 1
(Figure 4a) is marked by the presence of a multiple event with a low formation energy;
group 2 (Figure 4b) also presented a multiple event in this region but with higher energies
and group 3 (Figure 4c) presented a simple event with a higher formation energy. These
exothermic events represent the phase transformation of the material structure, in which the
amorphous phase is transformed into the crystalline form of magnesium pyrophosphate
(Mg2P2O7) (Equation (8)) [47,62–64].

2MgHPO4(s) → Mg2P2O7(s) + H2O(g) (8)

The reaction heat values involved in the endothermic reactions between 55.6 and
105 ◦C are highlighted in Figure 4 (∆H = −A·m−1·K−1, see also Equation (2)), for the
representatives of the three groups observed, and Table 7 shows the values for all products.
The products of group 1 had the lowest enthalpy values (823–918 J·g−1), which can be
explained by the fact that the corresponding precipitates consist of both struvite and the
struvite analog so that the amount of ammonia is lower when compared to the amount of
ammonia in “true” struvites; this is due to the replacement of NH4

+ with K+ in the solid
solution. Thus, the other two groups of products with similar thermal profiles, with only
“true” struvite, presented enthalpies of decomposition higher than 1015 J·g−1.

The particle size distribution was similar for most products, i.e., a very fine material
but with well-developed particles. Product no. 2 (Figure 5a) had a D90 of 22 µm; it was the
finest product and had two modes, the smallest of which represented the population of
ultrafines (D10 of 5 µm). The other products had D90 values between 80 and 130 µm, as
can be observed for product no. 7 in Figure 5b, a result similar to that of the other products.
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The mean diameter was 16.3 µm for product no. 2, and it was between 48.7 and 53.8 µm
for the other products. Similar results for particle sizes were found by Kozik et al. (2013) [65],
who noted mean particle diameter values between 12.6 and 50.2 µm. The aforementioned
authors attributed the particle size variations to variations in the pH and mixing time. Thus,
by establishing a fixed mixing time, there were no major changes in the particle diameter of
the products obtained in the design.

The morphology of the products is shown in the micrographs of Figure 6a–c (run 2)
and d-f (run 7). In the analyzed products, crystals characteristic of the struvite orthorhombic
structure were formed, which confirms the analysis of the obtained phases. Most crystals
had simple needle-shaped morphologies. Some crystals presented their morphology as
X-shaped twin crystals with dendritic growth (Figure 6b) and as larger crystals with faceted
structures (Figure 6f). These changes in morphology may be due to the structural remnants



Processes 2023, 11, 2664 16 of 23

caused by transitions during synthesis [3]. The crystals formed in the product of run 7,
which has struvite and K-struvite, did not show large differences when compared to the
crystals formed in run 2, in which only struvite was found. This finding explains why there
is no structural change between the phases, with only an ionic change occurring at the
NH4

+ site [66].
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3.2.3. Statistical Modeling and Analysis

The recovery of phosphorus from wastewater through precipitation processes and
struvite crystallization is sometimes a joint process that depends on the physicochemical
conditions. Thus, a statistical analysis involving the factors screened in the PB-12 design
was performed with a second-order design. The pH (X1), the molar ratio N/P (X2), and the
initial P concentration (X3) were then analyzed in a three-factor Doehlert matrix (Table 5),
and the responses were the recovery rate of P (Prec) and the enthalpy of the endothermic



Processes 2023, 11, 2664 17 of 23

peak of struvite decomposition (∆H). Investigations of the individual and combined effects
of the factors were performed using Statistica software (version 9.0). The coefficients of
the second-order regression models for both responses were determined, and the response
surfaces and contour lines were obtained to analyze the functional relationships between
the levels and the responses and to perform a simultaneous optimization by applying the
desirability function within the stipulated experimental domain.

Table 8 shows the ANOVA of the Doehlert design for the two responses.

Table 8. ANOVA results for the of operational variables in each response variable.

Phosphorus Recovery Enthalpy Variation

Source df SS MS F p SS MS F p

X1 1 240.816 240.816 24.2438 0.004383 * 9.77544 9.775444 237.4597 0.004185 *
X1

2 1 320.330 320.330 32.2488 0.002358 * 1.40460 1.404598 34.1197 0.028080 *
X2 1 917.223 917.223 92.3400 0.000207 * 4.12160 4.121599 100.1196 0.009841 *
X2

2 1 29.149 29.149 2.9345 0.147379 1.13150 1.131497 27.4857 0.034510 *
X3 1 1497.589 1497.589 150.7674 0.000063 * 0.02976 0.029760 0.7229 0.484741
X3

2 1 181.562 181.562 18.2785 0.007899 * 0.17769 0.177691 4.3164 0.173343
X1 X2 1 14.000 14.000 1.4094 0.288475 4.17581 4.175813 101.4365 0.009715 *
X1 X3 1 14.130 14.130 1.4225 0.286501 0.46436 0.464363 11.2801 0.078372
X2 X3 1 25.573 25.573 2.5745 0.169502 0.82189 0.821890 19.9649 0.046614 *

Lack of fit 3 39.406 13.135 2.5606 0.293257 0.68841 0.229471 5.5742 0.155876
Pure error 2 10.259 0.08233 0.041167

Total 14 3190.441 23.96243

(df) degree of freedom, (SS) sum of square, (MS) mean square, (F) Fischer test, (p) significance probability.
* p < 0.05 (Statistically significant values).

The phosphorus recovery results indicate that all the factors studied in the linear forms,
together with the quadratic forms of the terms X1 (pH) and X3 (P concentration), were
significant (p < 0.05) and should, therefore, be considered in the elaboration of the model.
In addition, none of the interactions between the factors were significant, indicating that,
for the high phosphorus recovery rates, the factors act in isolation, without the dependence
of one in relation to the others, however, each factor is individually important for obtaining
better yields in the process as a whole. Regarding the thermal decomposition of struvite,
the pH (X1), the N/P ratio (X2), their respective second-order effects (X1

2 and X2
2), and the

interactions between the pH and the ratio N/P (X1 X2) and between the N/P ratio and the
initial P concentration (X2 X3) were significant. The P concentration was a noninfluential
factor in its independent (X3) and quadratic (X3

2) forms; in addition, its interaction with
pH (X1 X3) was also not statistically significant.

Table 8 shows that the regression models proposed for both the phosphorus recovery
and enthalpy variation responses did not lack fit and that their respective coefficients of
multiple determination, R2 = 0.985 and R2 = 0.968, were able to explain more than 96% of
the experimental variabilities. Thus, the fitted models obtained for Prec (Equation (9)) and
∆H (Equation (10)) can predict the formation of struvite with the desired quality because,
as indicated by the values of the coefficients of determination, the correlation between the
experimental values and those predicted by the models is significant for both responses.

Prec = 64.94 + 7.76X1 − 8.17X2
1 + 26.23X2 + 31.60X3 − 15.56X2

3 (9)

∆H =
(

32.65− 1.56X1 − 0.54X2
1 + 1.76X2 − 1.46X2

2 + 2.04X1X2 − 1.65X2X3

)2
(10)

The response surfaces of the effects of the pH (X1), the N/P ratio (X2), and the initial P
concentration (X3) on phosphorus recovery and the enthalpy of decomposition are shown
in Figure 7. Greater phosphorus recoveries were obtained for a pH close to 10, N/P ratios
equal to or greater than 4, and a P concentration equal to 250 mg/L, as shown in Figure 7a–c.
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The values determined for the pH and the N/P ratio are consistent with the results of
other optimization studies on phosphorus recovery, which have shown that the pH should
be higher than 9.5, and the N/P ratio should be above 2 [33,34]. The response surface
graphs in Figure 7d–f show that for greater enthalpies of the endothermic peak indicative of
struvite decomposition, the synthesis conditions should include pH values between 9 and
10, N/P ratios greater than 2.5, and phosphorus concentrations greater than 60 mg/L.
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Simultaneous Optimization

Table 9 shows the parameters used in the global desirability function for a better stru-
vite yield, considering phosphorus recovery and the enthalpy variation of the endothermic
peak, which represents the decomposition of the formed structure.

Table 9. Parameters assumed in the global desirability function.

Response Variables
Parameters Assumed in Optimization

Low Medium High s t

Prec (%) 10 55 100 2 5
∆H (J·g−1) 822.8 962.9 1103 2 5

s and t = exponents inserted for determining the importance of the function.
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The analysis of the global desirability function in Figure 8 allowed us to determine the
operational conditions to maximize the precipitation of struvite from wastewater. Thus, the
pH should be 10.2, the molar ratio N/P should be equal to or greater than 4, and the initial
phosphorus concentration should be 183.5 mg/L. The results indicate a global desirability
coefficient of 0.99965, which is considered excellent [67].
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4. Conclusions

A sequential experimental design methodology was applied to determine the main
factors affecting the struvite precipitation process and to determine the optimal points of
struvite synthesis for the recovery of nutrients in wastewater, especially phosphorus.

The Plackett–Burman screening plan showed that the most influential factors in the
synthesis were the pH, the molar ratio N/P, and the initial phosphorus concentration.
In addition, the presence of calcium was shown to be closely related to the formation
of the amorphous phase, which makes it detrimental to the expected yield of struvite.
The Mg/P and K/P ratios, together with the reaction time and the mixing rate, were not
statistically significant; therefore, they did not affect the phosphorus recovery and the
associated struvite precipitation.

The second-order design in the Doehlert matrix, in which only the positive significant
factors were used, was used to determine an optimized experimental area and to generate
regression models with a good fit for the two response variables studied (Prec and ∆H).
The RSM results show that the optimal points for a good phosphorus recovery yield are
pH = 10, N/P ratio ≥ 4, and Pinitial = 250 mg/L; for the formation of struvite, as described
by the enthalpy variation of the endothermic peak of degradation of its structure, the
optimal points of the variables are pH = 9–10, N/P ratio > 2.5, and Pinitial > 60 mg/L. In an
optimization involving the two responses simultaneously, the analysis of the desirability
function data indicated pH = 10.2, N/P ratio≥ 4, and Pinitial = 183.5 mg/L as optimal points.
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The crystalochemical analyses of the synthesis product also demonstrated the effi-
ciency in the formation of struvite within the optimal experimental region. The XRD
results show that struvite and its potassium analog were the only phases formed under
the synthesis conditions, corroborated by the FTIR and DSC-TG analyses, which showed
bands and peaks characteristic of these phases.

The establishment of the main intervening factors and the optimal synthesis values
and intervals can be used to determine the best yield ranges for struvite production and
phosphorus recovery. Thus, this research has great importance within the global context
of the environmental impacts caused by the phosphorus in wastewater and the search for
alternative solutions for obtaining fertilizers.
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