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a b s t r a c t

This study aimed at recovering nutrients from human urine as valorized products
through chemical and biological mineralization, and assessing their fertilizer potential.
Chemosynthesis of struvite (MgNH4PO4·6H2O) was accomplished from fresh human
urine through chemical mineralization using magnesia, whereas biogenic synthesis
was achieved through microbial mineralization by employing a wastewater bacterium
(Pseudomonas aeruginosa KUJM KY355382.1). Elemental analysis and other characteriza-
tion results confirmed the synthesized products as struvite under both chemical and
biological synthesis methods. The potential of the chemogenic and biogenic struvite
products as slow release fertilizer was reflected in improved plant growth characteristics,
including height, fresh weight, dry weight, pod length and seed yield, of cowpea
(Vigna unguiculata) compared to the control set. Specially, the seeds obtained per
plant were 137.71 and 125.14% higher after application of chemogenic and biogenic
struvite, respectively, compared to a no-fertilizer control. When assessing aging effect
on struvite’s chemical structure by comparing a 15-year old struvite crystal with
the recently synthesized biomineral, the weathered struvite was found to lose NH+

4
however, retain PO3−

4 and Mg2+, implying its phosphate supplying potential over a
long period. Both the chemogenic and biogenic synthesis routes successfully converted
human urine to fertilizer (‘waste into wealth’), but the struvite yield was higher in
the case of chemogenic synthesis using magnesia (474 ± 9.64 mg L−1) than biogenic
synthesis employing Pseudomonas aeruginosa KUJM (345 ± 6.08 mg L−1). Still, the
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biogenic synthesis is preferred over the chemogenic route because the process is more
eco-friendly.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Wastewater generated from domestic, livestock, industrial and other anthropogenic sources is a mixture of organic
atter, macro- and micro-elements such as nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), and magnesium

Mg) (Onchoke et al., 2018), and potentially toxic elements (PTEs) (Ravndal et al., 2018). When discharged without or with
ittle treatment, wastewater is a pollution source to the environment. High concentration of nutrients in wastewater,
ainly arising from digestive and excretory wastes of humans and animals, if not managed appropriately, can trigger
utrophication-induced ecosystem degradation through harmful algal blooms and decline in the aquatic diversity (Carstea
t al., 2016). To protect water quality and the ecosystem, wastewater effluents need to undergo efficient removal and
ecovery of nutrients prior to discharge into the environment following a circular economic approach (Biswas et al., 2020;
obles et al., 2020). The obvious driving factors for nutrient recovery and recycling through the circular economy are
ersistent resource (e.g. P) depletion, high energy intensity of conventional treatments, aging and decreasing efficiency of
he existing wastewater treatment plants (WWTPs), and opportunity of wasted resources for recycling into the production
ycle (Gherghel et al., 2019; Biswas et al., 2020).
Human urine (HU) represents a reservoir of multiple valuable and renewable nutrients: 10–12 g L−1 N, 0.1–0.5 g L−1

P, and 1.0–2.0 g L−1 K, that contributes to the nutrient burden of municipal wastewater (Patel et al., 2020). Because it
contains large amount of plant nutrients (N and P), HU has been successfully used as a biofertilizer in the cultivation of
plants, emulating reuse and recycling as occurs with natural biogeochemical cycling of nutrients (Pandorf et al., 2018).
Extracting the nutrient loads of urine prior to channeling it to the wastewater stream can significantly reduce the burden
on wastewater treatment plants. This concept is gaining ground as a part of trends towards more sustainable ecological
sanitation, resource recycling and the circular economy (Patel et al., 2020; Robles et al., 2020).

However, cultural taboos and moral prejudice of people in many countries including India have created a major mental
‘stumbling block’ and ‘urine-blindness’ which have limited the popularization of tapping the nutrient resource in HU and
exploiting its nutrient recycling and energy recovery potential (Rana et al., 2017; Simha et al., 2018). Nevertheless, the
environmental benefits of closing the enormous nutrient loop through application of HU in agriculture and/or aquaculture
are clear. Therefore, safe and sound utilization of HU in organic production can open a window of opportunities to a large
segment of poverty-stricken farmers living in the developing nations for opting for an inexpensive environment-friendly
biofertilizer instead of costly and energy-intensive chemical fertilizers. This could help to achieve multiple United Nations
Sustainable Development Goals (SDGs) such as SDG 2, SDG 3 and SDG 6, through food and agricultural security, and
environmental health protection. Conversely, HU might contain pharmaceutical residues and pathogenic microorganisms,
hence the application of raw urine to agricultural soils could be harmful to environmental and public health (Biswas et al.,
2020). The storage and transportation of HU as fertilizer also become very challenging tasks. Separating urine at collection
points before it enters the waste stream could enable the elimination of pathogens, and facilitate safe reuse of its valuable
nutrients, especially N and P (Patel et al., 2020).

Different techniques have been employed to remove and recover nutrients from HU, mainly N compounds, P and Mg
(Kabdaşlı and Tünay, 2018; Simha et al., 2018; Patel et al., 2020). Ammonia and phosphate have been removed from HU
via precipitation as struvite (NH4MgPO4·6H2O), a mineral with very low solubility but high potential of being used as an
excellent slow-release fertilizer in agriculture and horticulture (Kabdaşlı and Tünay, 2018). The notional constituents of
struvite are N (5.7%), P (12.6%), and Mg (9.9%) with the remaining being water in crystalline state. Moreover, struvite has
a lower load of trace contaminants and/or pathogenic microorganisms, while exhibiting a superior fertilizer (nutrient)
potential per unit weight compared to organic waste streams (Uysal et al., 2010). As a P fertilizer, struvite is matched up
favorably to mineral phosphates across a wide spectrum of soil pH (Kabdaşlı and Tünay, 2018; Chojnacka et al., 2020).

Struvite could be precipitated from HU via environmentally friendly microbial mineralization processes (biogenic
struvite), avoiding the chemical processes (chemogenic struvite), which involve the use of harsh alkali reagents. Naturally
occurring bacteria could precipitate struvite when microbial metabolism of nitrogenous compounds facilitates NH4

+

release, and the consequent pH rise triggers the mineral precipitation reaction (Sinha et al., 2014). Urease and carbonic
anhydrase enzymes secreted by certain bacterial strains catalyze the urea hydrolysis and subsequent struvite biominer-
alization extracellularly (Bhattacharya et al., 2018). Bacteria belonging to the genera Azotobacter, Bacillus, Brevibacterium,
Brucella, Flavobacterium, Halobacterium,Myxococcus, Proteus, Pseudomonas and Ureaplasma have the ability to biomineralize
struvite (Pratt et al., 2012; Soares et al., 2013; Gonzalez-Martinez et al., 2015). These bacterial strains occur in soils
(e.g., Myxococcus sp., Arthrobacter sp., and Pseudomonas sp.) (Pratt et al., 2012), wastewater treatment plants (Gonzalez-
Martinez et al., 2015), and other natural habitats (e.g., Myxococcus xanthus, Acinetobacter calcoaceticus, Bacillus pumilus, and
Brevibacterium antiquum) (Soares et al., 2013). In fact, there is a close relationship between biomineralization of struvite
and microbial growth and activities (González-Muñoz et al., 2010).
2
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Although considerable studies have been conducted on struvite recovery from wastewater using chemical approaches,
icrobial mineralization has been scarcely adopted. There is a paucity of information on comparative assessment of

ertilizer potentials of chemogenic and biogenic struvite produced from HU, and their application to soils for agricultural
rop production. To the best of the authors’ knowledge, weathering or aging effect of struvite crystals on their chemical
onstituents and nutrient potential (agronomic value) has never been assessed. To fill these knowledge gaps, this study
as conducted with the following objectives: (1) synthesize biofertilizer from HU following both chemogenic and biogenic
involving bacteria) routes; (2) characterize the crystalline structure and physicochemical properties of the valorized
roduct; (3) assess aging effect on the mineral’s crystal structure particularly its nutrient potential by comparing a 15-year
ld struvite crystal with the recently synthesized biomineral; and (4) evaluate the fertilizer potential of both chemogenic
nd biogenic struvite for prospective application in agriculture.

. Materials and methods

.1. Source of urine

Fresh HU was obtained from the toilet used by healthy and unmedicated male students of the age group of 23–25 years
f the Department of Ecological Studies, Kalyani University, West Bengal, India. The HU samples were collected from
ndividuals in aseptic conditions adopting all the precautions such as sterile container, mask, gloves, clean toilet, etc.

.2. Biomineral synthesis from HU using chemogenic method

To produce magnesia, 1 g of magnesium chloride (MgCl2·6H2O) and 1 g of ammonium chloride (NH4Cl) were dissolved
n 5 mL of distilled water, then 0.5 mL of concentrated ammonium hydroxide solution (35% NH4OH) was added and diluted
p to 10 mL with distilled water. Using this magnesia solution, chemogenic mineral was synthesized as follows: in a 1
conical flask, 750 mL of fresh HU was taken and 10 mL of magnesia solution was added. The conical flask was cotton
lugged and stored for 10 days without shaking at room temperature. The set without any addition of magnesis was
aintained as control. After 10 days the liquid was decanted carefully and the precipitated mineral crystals were washed

hree times with methanol, then air dried and stored for further analysis. In the control sets, no precipitation of mineral
rystals was observed.

.3. Biomineral synthesis from HU using biogenic method

In case of the biogenic mineral synthesis, a wastewater bacterium (Pseudomonas aeruginosa KUJM KY355382.1)
reviously isolated by our group (Biswas et al., 2017) from the grit chamber of the Kalyani city’s wastewater treatment
lant (Kalyani, West Bengal, India) was used. As a starter culture, P. aeruginosa was grown in 10 mL glucose minimal salt
edia. A volume of 750 mL fresh HU was put in a 1 L conical flask and 10 mL of overnight grown P. aeruginosa culture was
dded. The flask was cotton plugged and incubated at 37 ◦C for 10 days without shaking. The control set was maintained
ithout adding any bacterial inoculation. After 10 days, the solid mineral was collected as stated earlier. In the control
et, no mineral crystal was precipitated.

.4. Characterization of the synthesized minerals

Elemental analysis (P, H, and N) of chemogenic mineral was performed with a Perkin–Elmer CHN analyzer (Model
400). Fourier transform infrared (FT-IR) spectra were recorded as KBr pellets in the wavenumber range of 4000–400 cm−1

ith 16 scans at a resolution of 4 cm−1 on a Perkin–Elmer spectrum RX 1 instrument where a deuterated triglycine sulfate
DTGS) detector was used. The FT-Raman spectra were obtained by means of a Bruker RFS 27 Stand-alone FT-Raman
pectrometer in the scan range of 50–4000 cm−1 and a resolution of 2 cm−1. The proton nuclear magnetic resonance
1H NMR) spectra of the mineral compounds were collected at room temperature using a Bruker DPX-400 MHz NMR
pectrometer in dimethyl sulfoxide (DMSO) solvent. The powder X-ray diffraction (PXRD) patterns of the mineral samples
ere acquired on a Bruker D8 Advance X-ray diffractometer with Cu Kα radiation (α = 1.548 Å) generated at 40 kV and

40 mA. The XRD patterns were recorded in a 2θ range of 5–50◦ using 1-D Lynxeye detector at ambient conditions.
The single crystal data of the synthesized minerals were collected on a Bruker SMART CCD (Sheldrick, SADABS)

diffractometer (Mo Kα radiation, λ = 0.71073 Å). The program SMART was utilized for collecting frames of data, indexing
reflections and determining lattice factors, whereas SAINT (SMART & SAINT, Ver. 6.45) for integration of the intensity of
reflections and scaling, SADAB (SHELXTL Ver. 6.1) for absorption correction, and SHELXTL for space group and structure
determination and least-squares refinements on F2. The crystal structure of the mineral was fully solved and refined by
full-matrix least-square methods against F2 using the program SHELXL-2014 (Sheldrick, SHELXTL Ver. 6.12) with Olex-2
software (Bradenburg, Diamond, Ver. 3.1eM; Dolomanov et al., 2009). All different atoms of struvite except hydrogen
were refined with anisotropic displacement parameters. Hydrogen positions were set at calculated positions and refined
isotopically.
3
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2.5. Mesocosm study

Fertilizer potential of the synthesized chemogenic and biogenic minerals was tested on cowpea (Vigna unguiculata,
ariety: BCCP-3) plants. The soil (1 kg pot−1; pH 4.99, electrical conductivity 135 µS cm−1, NO3–N concentration 31.14

mg kg−1, NH4–N concentration 8.21 mg kg−1 and available P 6.82 mg kg−1) used in the study was collected from a
grassland area of the Kalyani University campus (22.9862◦N, 88.4464◦E). The experiment was conducted with five sets of
treatments designated as chemogenic struvite (Cg), biogenic struvite (Bg), soluble P source (SP), insoluble P source (IP) and
control (C); without any extraneous nutrient input). For each Bg and Cg treatment, 100 mg kg−1 of synthesized biogenic
or chemogenic mineral was blended with the soil. The soil of SP treatment received 50 mg kg−1 of soluble phosphate (as
KH2PO4), while the soil of IP received 100 mg kg−1 of phosphate in precipitated form (Ca3(PO4)2). All the treatments were
maintained in triplicates and kept in a net house. The pots were sprinkled with an adequate quantity of water to maintain
the soil moisture level at field capacity while preventing any leaching of surplus water. The pots were kept for three days
for stabilization of the system before sowing the cowpea seeds. Two surface sterilized cowpea seeds were sown per pot.
Seed germination took four days. The experiment lasted for 60 days.

Selected soil parameters were analyzed at three stages of the plant growth experiment: initially at day 1, in the
middle at 30 days after seed sowing, and finally 60 days after seed sowing at the plant harvest. The soil pH and electrical
conductivity (EC) were monitored with an electrode where soil: water ratio was maintained at 1:2.5 and 1:2, respectively.
The NO3–N and NH4–N of the soil were extracted by 2M KCl and subsequently measured (Keeney and Nelson, 1982).
Soil available P was extracted by sodium bicarbonate and measured using standard protocol (Olsen et al., 1954). The
acid phosphatase and alkaline phosphatase activity of the soil were examined using sodium p-nitrophenyl phosphate as
substrate and modified universal buffer at pH 6.5 (for acid phosphatase) and pH 11 (for alkaline phosphatase) (Tabatabai
and Bremner, 1969; Piotrowska-Długosz and Wilczewski, 2014). These soil parameters were monitored on day 1 (initial),
30 (middle) and 60 (final).

On day 30, the number of leaves was counted and chlorophyll content was measured by extracting chlorophyll from
leaves with solvents followed by spectrophotometric determination (Fridgen and Varco, 2004). Harvesting of plants was
done on day 60, and different plant growth traits, namely plant height, fresh weight, dry weight, pod length and number
of seeds per plant were recorded.

2.6. Statistical analyses

The data obtained were statistically analyzed using GraphPad Prism 7.0 software (GraphPad Software, USA). Two-way
ANOVA was performed for plant growth related parameters. Treatment differences were verified by the Least Significant
Difference (LSD) test at P < 0.05 level. Linear regression analyses between related parameters such as phosphatase enzyme
and phosphate concentrations were performed. The level of statistical significance was accepted at P < 0.05.

3. Results and discussion

3.1. Characterization of the synthesized mineral

3.1.1. Bulk crystal structure
A synopsis of the crystallographic data and structure refinement parameters of the minerals is presented in Table 1.

The PXRD pattern of chemogenic mineral intimately resembled that of the biogenic mineral samples [Supplementary
Information]. The crystallographic data (excluding structure factors) of the mineral samples were deposited to the
Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 1843500. The copies of the data can
be obtained without any charge, on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K.: http://www.ccdc.cam.
ac.uk/cgi-bin/catreq.cgi, e-mail: data_request@ccdc.cam.ac.uk, or fax: +44 1223 336033.

The experimental PXRD patterns of the bulk mineral samples were in close conformity with the simulated XRD patterns
from single crystal X-ray diffraction, confirming the purity of the bulk samples. The yield of mineral synthesized involving
biogenic and chemogenic systems were 345 ± 6.08 and 474 ± 9.64 mg L−1, respectively.

.1.2. Single crystal structure
Full crystallographic data and detailed structural refinement parameters for the synthesized mineral are presented

n Table 1. Selected crystallographic bond parameters and bond angles are summarized in Table 2. The mineral had
rystallized in the orthorhombic space group Pmn21. The asymmetric unit (Fig. 1a) consisted of one magnesium atom,
ith half occupancy, coordinated to four water molecules, one phosphate group with half occupancy and one ammonium

on with half occupancy.
From the structural elucidation, the biomineral synthesized was identified as struvite. In the full structure (Fig. 1b),

ne bivalent magnesium ion, hexa-coordinated by six water molecules, adopted distorted octahedral geometry, as
Mg(H2O)6]2+ was observed. The water molecule O1 and O2 occupied axial positions and O3, O3a, O4 and O4a {Mg1–O1
2.10 Å, Mg1–O2 = 2.13 Å, Mg1–O3 = 2.08 Å, Mg1–O3a = 2.08 Å, Mg1–O4 = 2.04 Å, Mg1–O4a = 2.04 Å, a = symmetry

quivalent} occupied the equatorial plane. A close inspection of the crystal structure of struvite revealed that all the bond
4
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Table 1
Summary of crystal data and full structure refinement parameters for the biomineral (struvite).
Formula H16MgNO10P
M/g 245.42
Crystal system Orthorhombic
Space group P m n 21
a/Å 6.9601(17)
b/Å 6.1522(14)
c/Å 11.244(3)
β (◦) 90
V /Å3 481.5(2)
Z 2
ρc/g cm−3 1.693
µ/mm−1 0.386
F (000) 260
Crystal size (mm3) 0.24 × 0.21× 0.18
θ range (◦) 3.31 to 28.33

Limiting indices −7 ≤ h ≤ 9
−8≤ k ≤ 8
−11≤ l ≤ 14

Reflns collected 5423
Ind reflns 1147[Rint = 0.0448, Rsigma = 0.0688]
Completeness to θ (%) 99.00
Refinement method Full-matrix-block least-squares on F2
Data/restraints/parameters 1147/13/103
Goodness-of-fit on F 2 1.157
Final R indices
[I > 2θ (I)]

R1 = 0.0283
wR2 = 0.0686

R indices (all data) R1 = 0.1060
wR2 = 0.0943

Largest diff. peak and hole (e Å−3) 1.182 and −2.215
CCDC number 1843500

Fig. 1. Asymmetric unit (a) and full structure (b) of the mineral synthesized from human urine.

distance and bond angles were similar and comparable with values reported in the literature (Table 3) (Trobajo et al.,
2007; Weil, 2008; Yang et al., 2014). The phosphate group and ammonium ion adopted distorted tetrahedral geometry.
Although there was no covalent bond between the three moieties, an extensive hydrogen bonding (H-bonding) interaction
among them was observed (Figs. 2, 3, and 4).

The [Mg(H2O)6]2+ moiety was hydrogen bonded with four phosphate groups and two ammonium ions (Fig. 2). The two
hydrogens (H2) of water molecule O1 were H-bonded with O7 of two symmetry related phosphate groups. The hydrogen
(H3) of O2 molecule was H-bonded with O6 of another phosphate group. The two-symmetry related water molecules O3
were H-bonded in trifurcated fashion with O5 and O7 of phosphate group and with the hydrogen atom of ammonium ion.
Other two symmetry related water molecules O4 were H-bonded with O6 and O7 of the phosphate groups. The ammonium
moiety [NH4]+ was hydrogen bonded (Fig. 3) by two [Mg(H2O)6]2+ groups and one phosphate group. The hydrogen atoms
H10 of N1 were H-bonded with the oxygen of the two symmetry related water molecules O3 and another hydrogen atom
H9 of N1 was H-bonded with the O5 of the phosphate group.

The phosphate moiety was H-bonded with six [Mg(H2O)6]2+ groups and one ammonium ion. All the four oxygen of
the phosphate group formed H-bond in trifurcated fashion with hydrogen of the water molecules and ammonium ion.
5
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Table 2
Selected bond distances (Å) and bond angles (◦) for the biomineral (struvite).
Bond Lengths around Mg(II) Bond angles around Mg(II)

Mg(1)–O(1) 2.100(1) H(2)–O(1)–Mg(1) 120.00(0)
Mg(1)–O(2) 2.129(1) H(2)–O(1)–H(2) 119.00(0)
Mg(1)–O(3) 2.078(1) H(3)–O(2)–H(4) 94.00(0)
Mg(1)–O(4) 2.044(1) H(3)–O(2)–Mg(1) 115.00(0)
O(5)–P(1) 1.548(0) H(4)–O(2)–Mg(1) 151.00(0)
O(6)–P(1) 1.545(0) H(5)–O(3)–Mg(1) 122.00(0)
O(7)–P(1) 1.542(0) H(6)–O(3)–Mg(1) 119.00(0)
H(9)–N(1) 0.970(1) H(7)–O(4)–Mg(1) 114.00(0)
H(10)–N(1) 0.960(1) Mg(1)–O(4)–H(8) 109.50(0)
H(11)–N(1) 0.950(1) Mg(1)–O(3)–H(5) 122.000(0)
H(2)–O(1) 0.850(1) Mg(1)–O(3)–H(6) 119.00(0)
H(3)–O(2) 0.870(1) Mg(1)–O(4)–H(7) 114.000(0)
H(4)–O(2) 0.870(1) Mg(1)–O(4)–H(8) 109.50(0)
H(5)–O(3) 0.860(5) O(5)–P(1)–O(6) 109.80(0)
H(7)–O(4) 0.730(9) O(5)–P(1)–O(7) 109.70(0)

O(6)–P(1)–O(7) 108.60(0)
O(7)–P(1)–O(7) 110.30(0)

Bond angles around Mg(II)
O(1)–Mg(1)–O(2) 177.5(0)
O(1)–Mg(1)–O(3) 90.00(0)
O(1)–Mg(1)–O(4) 88.80(0)
O(2)–Mg(1)–O(3) 91.80(0)
O(2)–Mg(1)–O(4) 89.40(0)
O(3)–Mg(1)–O(4) 87.30(0)
O(3)–Mg(1)–O(3) 93.60(0)
O(3)–Mg(1)–O(4) 178.4(0)
O(4)–Mg(1)–O(4) 91.70(0)
O(3)–Mg(1)–O(4) 87.30(0)

Table 3
Comparative survey of [Mg–O] and [O–P] bond distances (Å) of the synthesized chemogenic biomineral (struvite) with other reported struvite
analogue compounds.
Synthesized chemogenic
struvite sample (present
study)

Bond distances
(Å)

Struvite analogue
KNiPO4 · 6H2O sample
(1)

NH4-analog of
hazenite struvite
sample (2)

Struvite analogue
Cs[Mg(OH2)6](PO4)
sample (3)

2.100(1) Mg-O 2.251(1) 2.032(3) 2.054(4)
2.129(1) 2.1807(8) 2.040(3) 2.082(3)
2.078(1) 2.101(9) 2.066(2)
2.044(1) 2.156(2) 2.083(2)

2.131(1) 2.060(2)
2.138(2) 2.074(2)

2.042(3)
2.046(3)
2.095(2)
2.077(2)

1.548 P-O 1.508(1) 1.544(3) 1.536(3)
1.545 1.5424(8) 1.548(3) 1.539(6)
1.542 1.5254(6) 1.540(3)

1.582(2) 1.544(3)
1.530(2)
1.538(2)
1.536(3)
1.537(3)

The interactions are shown in Fig. 4. This type of hydrogen bonding feature is very much identical with already reported
struvite analogue compounds (Trobajo et al., 2007; Weil, 2008). Because of such type of H-bonding, the mineral formed
a three-dimensional network in the solid-state and the three units were held tightly in the crystal packing.

A comparison was made between an aged crystal structure of struvite and recently synthesized struvite. The weathered
ample of struvite was about 15 years older than the newly synthesized struvite samples used in the present study. The
ld struvite sample was prepared by the chemogenic method as described earlier, and stored in a non-airtight container
t room temperature to allow weathering of the mineral. An interesting crystal structure topology was observed in this
espect. The old struvite sample reflected a crystal structure of central Mg2+ coordinated by water molecules, but NH4

+

as completely removed from the structure. Besides, the crystal structure of fresh struvite sample had a Mg2+ coordinated
ith only half occupancy of a phosphate group which in the old sample crystal was fully retained. In this respect, we
ompared the mass spectrum between old and fresh sample of struvite [Supplementary Information]. It was observed
6
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Fig. 2. Bonding interactions among constituents and symmetry observed in the mineral synthesized from human urine.

Fig. 3. Hydrogen bonding to maintain the ammonium moiety of the mineral synthesized from human urine.

hat although the recovery of NH4
+ from the old struvite sample was difficult after a long time, phosphate retained in the

rystal structure was easily recoverable. It suggested that struvite retained its phosphate fertilizing potential for a longer

eriod than its N fertilizing capacity, which bears an important agronomic connotation.
7
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Fig. 4. Hydrogen bonding to maintain the phosphate moiety of the mineral synthesized from human urine.

The chemical formula of chemogenic struvite derived from its elemental analysis fitted well with calculated and
xperimental values. The calculated (expected) values for elemental analyses for H16MgNO10P: H 2.57; N 5.71, Mg 9.90, P
2.62 corresponded closely with the experimentally observed values: H 2.51; N 5.62, Mg 9.85, P 12.45. These also matched
ith the biogenic and other kind of struvite compounds.
In chemo- and biogenic struvite, central Mg2+ was strongly coordinated by water molecules and half occupancy

f PO4
3− group as well as NH4

+. The FT-IR and FT-Raman spectra were investigated to establish such coordination
nvironment. In the FT-IR spectra, the stretching mode region of the water molecules and ammonium ions gave a
road asymmetric band at 3430 cm−1. This also supported the existence of hydrogen bonds in the crystal structure
f chemogenic struvite. This observation was very much identical with the biogenic struvite sample [Supplementary
nformation]. The spectral position was in close proximity with other struvite compounds such as magnesium am-
onium phosphate hexahydrate or MNP (MgNH4PO4·6H2O), magnesium potassium phosphate hexahydrate or MKP

MgKPO4·6H2O) and arsenstruvite or magnesium ammonium arsenate hexahydrate or MNA (MgNH4AsO4·6H2O) spectra
Cahil et al., 2007). The similarity of the IR spectral signature in case of the ammonium compounds compared to the
pectra of the potassium analogues (Stefov et al., 2013) implied that the main contribution was owed to the intensity of
he bands in the O–H/N–H bonds. For the IR spectrum of struvite, the most thorough band at 1632 cm−1 could perhaps
e credited to d(HOH) vibrations or to modes having a substantial d(HOH) character. The band near 1466 cm−1 could be
ttributed to the ν4(NH4) modes. In the region of the external vibrations of water molecules and ammonium ions, bands
ppeared at 1272–1216 cm−1. This IR spectral value was very close to NiNP and NiKP types of struvite (Ferraris et al.,
986). A strong, slightly asymmetric and thermo-sensitive band emerged above 1071–1002 cm−1 in the region of ν3(PO4)
ode.
Typical Raman spectra of chemogenic struvite displayed three main bands at 943 cm−1, 454 cm−1 and 562 cm−1

ttributed to the γ 1, γ 2 and γ 4 PO4
3− benching modes [Supplementary Information] (Angoni et al., 1998). The Raman

pectra of the struvite also showed a band at 292 cm−1, which was assigned to the Mg–O stretching vibration. FT-Raman
pectra of chemogenic struvite were identical with the biogenic struvite and other harvested struvite samples (Frost et al.,
005).
The 1H NMR spectrum of 5 mg mL−1 chemogenic struvite suspended in DMSO-d6 indicated the main peak at

.34 ppm, which confirmed the presence of water released from struvite compound. The singlet at 2.50 ppm indicated
8
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that ammonium was present in the struvite compound. Again, the 1H NMR spectra of the biogenic struvite were totally
dentical with the chemogenic struvite [Supplementary Information]. Mass spectrum (e/m 244) of the chemogenic struvite
urther confirmed the molecular mass of the struvite compound [Supplementary Information].

.2. Mesocosm experiment findings

.2.1. Soil pH and EC
Soil pH ranged between 4.98–6.89, 4.92–7.09, 4.98–6.91, 4.99–6.90 and 5.12–6.78 in Bg, Cg, SP, IP and C, respectively.

oil pH showed an increasing trend with time in all sets registering significant differences (P < 0.05) among days of
bservation (Fig. 5a), although no significant difference (P > 0.05) in pH was shown among the treatments. Soil EC varied
s 132.8–75.57, 139.40–82.80, 137.67–69.87, 128.30–71.50 and 122.37–49.90 µS cm−1 in Bg, Cg, SP, IP and C, respectively,
howing a gradually declining trend (Fig. 5b). Significantly treatment differences in EC values were observed for Bg and
g from other treatments in the middle and at the end of the experiment.

.2.2. Nitrate-N
Nitrate–N concentrations in soil varied as 6.16–32.63, 6.08–32.95, 2.3–29.72, 2.4–29.06 and 2.37–29.32 mg kg−1 in Bg,

g, SP, IP and C, respectively. Both Bg and Cg showed significantly higher NO3–N concentrations (11.28–160.23%) than
ther treatments (SP, IP and C). Two distinct groups: (Bg, Cg) and (SP, IP, C) with no significant differences between the
roup members were found (Fig. 5c). Soil NO3–N decreased significantly (P < 0.05) with time in all the treatments.

.2.3. Ammoniacal-N
The NH4–N concentrations in soil of Bg and Cg ranged between 6.02 to 9.32 mg kg−1 which were markedly higher than

hat of other treatments (SP, IP and C) with concentration range of 3.61 to 7.19 mg kg−1. The NH4–N in soil decreased
ignificantly (P < 0.05) in Bg and Cg till day 30 followed by a nearly steady state with no significant (P > 0.05) decline
ecorded. Conversely, in SP, IP and C, NH4–N concentrations decreased significantly throughout the period of experiment
Fig. 5d). The NH4–N concentrations in Bg and Cg were noticed as 30.54, 23.55% higher at day 1 than that in the control,
hich increased further by 80.79, 64.79% respectively on the final day (day 60) of observation.

.2.4. Available-P
The overall mean concentrations of available-P in soil were found to be 4.87, 5.05, 4.49, 3.71 and 3.52 mg kg−1 in Bg, Cg,

P, IP and C, respectively. At the beginning (day 1), available-P concentrations of soil showed no significant difference (P
0.05) among the treatments. During day 30–60, both Bg and Cg showed consistently higher available-P concentrations

han SP, IP and C although no significant differences (P > 0.05) were shown between Bg and Cg, and SP and IP (Fig. 5e).

.2.5. Chlorophyll
There appeared no significant differences (P > 0.05) in leaf chlorophyll (a, b and total) contents among Bg Cg and SP

ystems, which were significantly (P < 0.05) higher than those in IP and C (Fig. 5f). Bg and Cg showed 58 to 62% higher
oncentrations of total chlorophyll compared to the control.

.2.6. Acid and alkaline phosphatase activity
In all systems, acid phosphatase activity was found to be higher than the alkaline phosphatase activity. During the

ourse of investigation, acid and alkaline phosphatase activities in Bg and Cg were recorded as respectively 26.83–48.65
nd 60.67–124.68% higher than those in C. Acid phosphatase activities increased significantly (P < 0.05) with time in all
ystems (Fig. 5g). While Bg, Cg and SP revealed an increase in alkaline phosphatase activity throughout, IP and C exhibited
significant increase after day 30 only (Fig. 5h). For both acid and alkaline phosphatase activity, there appeared two
istinct groups comprising Bg, Cg and SP showing significantly higher concentrations than IP and C till day 30. Thereafter
he same trend (Bg, Cg, SP > IP, C) continued for acid phosphatase activity but significant variations were observed in
lkaline phosphatase activities among the treatments showing the following order Cg > Bg > SP > IP > C.
Plant growth related parameters studied are presented in Table 4. No significant variation (P > 0.05) was noticed in

lant height among the treatments. Average number of leaves per plant recorded was the highest in Bg followed by SP and
g which were 33.33, 25.93 and 18.52%, higher than that in the control. Similarly, on harvest fresh weights of the plants
rown in Bg, Cg and SP registered 67.89, 63.35, 47.53%, higher over the control system. Similar pattern was observed for
verage pod length being 48.14, 37.83 and 25.57% longer in Bg, Cg and SP respectively relative to that in the control. There
as no significant difference in number of seeds produced among Bg, Cg and SP, which were 109.57 to 137.50%, higher
han the control.

The concentrations of NO3–N and NH4–N in the treatments containing biogenic and chemogenic struvite were
onsistently higher than the control as well as the systems treated with soluble-P or insoluble-P. This is due to the fact
hat struvite being the mineral containing NH4–N contributed higher concentrations of the inorganic nitrogen species in
oth struvite-treated sets compared to other systems which received no extraneous input of nitrogenous nutrient.
Many studies reported that struvite is a slow release fertilizer (Talboys et al., 2016). The solubility of struvite is 1-

0 mM at pH < 5 (Abbona et al., 1982), and in soil with acidic to neutral pH condition, its solubility ranges from 65 to
9
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d

Fig. 5. Soil (a) pH, (b) electrical conductivity, (c) NO3–N, (d) NH4–N, (e) available-P, (f) leaf chlorophyll content, (g) acid phosphatase activity, and
(h) alkaline phosphatase activity. Here Bg, Cg, SP, IP and C designated as biogenic, chemogenic, soluble-P, insoluble-P and control, respectively.
Significant differences compared to respective control are marked with * for P < 0.0001; # for P < 0.001; ■ for P < 0.01;  for P < 0.05; as
erived from statistical analysis using two-way ANOVA followed by LSD.
10
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Table 4
Effect of exogenous introduction of struvite, soluble-P and insoluble-P on morphological features of cowpea (Vigna unguiculata, variety: BCCP-3)
lant. Each value indicates the mean of triplicate measurements ± standard deviation. Significant differences compared to respective control are
arked; as derived from statistical analysis using two-way ANOVA followed by LSD.

Plant height
(cm)

No. of leaves
per plant

Plant fresh
weight (g)

Plant dry
weight (g)

No. of pods
per plant

Pod length
(cm)

Pod dry
weight (g)

No. of seeds
per plant

Biogenic 23.33
±1.51

18.00***
±2.68

21.44*
±4.73

3.09
±1.29

1.17
±0.75

22.71***
±3.45

1.13
±0.36

12.00***
±4.24

Chemogenic 24.33
±3.67

16.00
±3.63

20.86*
±4.63

2.78
±1.07

1.33****
±0.82

21.13***
±3.87

1.17
±0.34

12.67***
±12.16

Soluble P 22.83
±2.56

17.00****
±3.63

18.84**
±4.11

2.56
±0.77

1.33****
±0.82

19.25
±4.62

1.06
±0.39

11.17****
±8.52

Insoluble P 20.50
±2.07

14.00
±2.45

12.03
±3.08

1.46
±0.58

0.67
±0.52

16.50
±1.91

0.82
±0.11

6.50
±5.21

Control 21.33
±1.51

13.50
±2.51

12.77
±2.66

1.58
±0.42

0.50
±0.55

15.33
±3.21

0.69
±0.26

5.33
±5.92

*For P < 0.0001.
**For P < 0.001.
***For P < 0.01.
****For P < 0.05.

100% (Cabeza et al., 2011). In the alkaline soil environment, its solubility is minimal at pH 9–11 (Degryse et al., 2017).
Below pH 8, there is a striking increase in solubility with decreasing pH (Degryse et al., 2017). Hence, the lower soil
pH promotes faster dissolution and accordingly increased P concentrations at the soil:struvite interface solution. In this
experiment, the initial acidic soil pH in both the biogenic (4.98) and chemogenic systems (4.92) was found to be favorable
for enhanced solubilization of struvite and subsequent release of nitrogenous nutrients, which resulted in higher NO3–N
and NH4–N concentrations in those system (Siciliano, 2015). Similar observations on phosphorus use efficiency in struvite
were made by Vaneeckhaute et al. (2016) when comparing struvite against other biobased fertilizers and TSP tested in
acidic sandy soils: P availability and uptake by Zea mays (maize) were observed to be high.

At the initial stage, the concentration of available-P in soil was significantly higher in the SP (8.06 mg kg−1) than all
ther systems tested because it was treated with K2HPO4 that served as a ready source of soluble phosphate (Fig. 5e). Bg
nd Cg were treated with struvite, a slow release phosphatic fertilizer, and IP received insoluble phosphate. During the
iddle and end of the study, available P concentrations in treatments Bg (3.45 and 4.45 mg kg−1) and Cg (4.03 and 4.33
g kg−1) were significantly higher than in the other treatments because the release of phosphate was sustained under
cidic soil pH range for those systems treated with struvite, essentially acting as a slow release fertilizer. Siciliano (2015)
eported that the struvite has the potential to increase available P, NO3–N and NH4–N in soil. As the plants grow, they
tilize available nutrients from soil, causing a gradual decrease in NO3–N, NH4–N and available P.
Both acid and alkaline phosphatase activity increased with increasing time (Fig. 5g & h), with available-P increasing

more at the end point than that in the mid-point in all systems. Similar time-dependent phosphatase activity was reported
by other researchers (Bastida et al., 2019). With plant growth, microbial population in the rhizosphere increased, exhibit-
ing higher acid phosphatase activity till the plants attained maturity (Holz et al., 2020). Contrarily, alkaline phosphatase
activity did not vary significantly in all treatments up to day 30; thereafter such activity increased significantly with
increase in soil pH. Available phosphate concentrations were found to be negatively correlated (R2

= 0.756 to 0.889) with
acid phosphatase activity whereas no relation was found with alkaline phosphatase activities. This implies that enzymatic
P transformation was controlled by the prevailing pH regime of the soil (Bastida et al., 2019).

Increased plant growth and number of seeds produced per plant were observed in biogenic, chemogenic and soluble
P systems (Table 4) where phosphatic nutrient was adequately available. Similar observations were reported for Chinese
flowering cabbage (Brassica parachinensis), Chinese chard (Brassica rapa var. chinensis), water spinach (Ipomoea aquatica)
and water convolvulus (Ipomea aquatica, I. reptans) by Li and Zhao (2003), Chinese cabbage by Ryu et al. (2012), and
spinach (Spinacia oleracea) by Siciliano (2015).

The systems which received biogenic and chemogenic struvite revealed significantly better plant growth promotion
traits, including plant height, fresh weight, dry weight, pod length and number of seeds per plant (Table 4). This
has significant implication for potential application of struvite in agriculture for cultivation of cowpea plant. Several
researchers reported such increase in biomass and yield in struvite treated system related to external factors, such as the
long-lasting availability of nutrients and the reaction with the binding sites, while working with struvite derived from
semiconductor wastewater (Ryu et al., 2012), methanogenic landfill leachate (Siciliano, 2015) and industrial wastewater
(El Diwani et al., 2007).

Compared to the treatment involving insoluble P (IP), the struvite treated systems (Cg and Bg) had a greater amount of
both available P and N showing their higher fertilizer mineralization potential. The phosphate mineralization indexes of
different treatments showed that P mineralization was maximum in SP (0.057) and the least in IP (0.006). Struvite treated
systems with moderate PMI (Bg: 0.016; Cg: 0.017) indicated that both biogenic and chemogenic struvite served as slow
11
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release fertilizer, which offered 28%–30% slower rate of mineralization than that in KH2PO4 - an easily soluble phosphatic
ertilizer, which can be corroborated with findings of Talboys et al. (2016).

The chlorophyll content in plants grown in both systems spiked with biogenic and chemogenic struvite can be justified
y additional supplementation of Mg to those soils through struvite solubilization. Magnesium has an important role in
he synthesis of chlorophyll and phosphorylating enzyme (Li and Zhao, 2003; Ryu et al., 2012).

At the end of the mesocosm plant growth trial, ammonium concentrations were recorded at higher levels compared
o diminished levels of nitrate particularly in the struvite supplemented treatments. The correlation between ammonium
nd nitrate concentration showed that although a strong positive correlation was established in all treatments, struvite
reated systems reflected relatively lower R2 values (Bg: 0.914; Cg: 0.92) over others (SP: 0.987; IP: 0.995; C: 0.988)
[Supplementary Information], showing weakening of nitrification in the former treatments. This is a positive aspect
because nitrate can be easily leached through the soil. This observation is corroborated by several studies which recorded
superior growth qualities of vegetables grown in struvite supplemented pots compared to the pots without any extraneous
input of N and P (El Diwani et al., 2007; Ryu et al., 2012). Although the soil used in the study is reported to be rich in
nitrogen but deficient in phosphorus (Chatterjee et al., 2015; Pati et al., 2016). Besides the used variety of leguminous
plant species (Vigna unguiculata, variety: BCCP-3) can fix N but need high amount of P which need to be supplied through
xtraneous input. Therefore, any treatment with extraneous input of N was avoided. The real difference in fertilizer
alue between struvite and a typical commercial fertilizer was not much reflected due to the fact that although rate
f solubilization of phosphate was more in case of the SP (KH2PO4) compared to biogenic and chemogenic struvite, all
oncentrations might have satisfied the plant’s demand. On the other hand, more leaching of soluble phosphate in case
f SP might have been reflected in its realized productive performance.
Many reported struvite mineralization processes (Ryu et al., 2012; Sinha et al., 2014; Kabdaşlı and Tünay, 2018;

atel et al., 2020) are costly and energy intensive, requiring additional Mg sources, aeration, agitation and filtration.
ontrarily, the biogenic synthesis process in this study did not require any additional Mg sources, and both the biogenic
nd chemogenic syntheses were conducted as static batch process in the absence of aeration, agitation and filtration steps.

. Conclusions

This study showed that the nutrients present in HU can be recovered as biofertilizer (struvite) following chemogenic
nd biogenic routes. Both treatments with chemogenic and biogenic struvite stimulated plant growth comparable to
reatment with inorganic soluble phosphate, and significantly better than the unfertilized control and insoluble phosphate
reatments. The nitrogen-rich but phosphorus-deficient soil, and nitrogen-fixing but high phosphorus demanding variety
f leguminous plant species (Vigna unguiculata, variety: BCCP-3) used in this study confirmed that the chief nutrient
esponsible for plant growth promoting potentials of the tested biominerals was phosphorus. The chemogenic and
iogenic struvite acted as slow release fertilizer sustaining nutrient supply and averting unwanted nutrient leaching during
he growth of the plant. The 15 years old struvite passing through a natural aging process was found to lose NH4

+, but
etained PO4

3– and Mg2+, which implied that the biofertilizer could retain its phosphate fertilizing potential for a longer
eriod than its N fertilizing capacity.
When converting HU to biofertilizer (‘waste into wealth’), struvite production was higher in the chemogenic process

sing magnesia (474 ± 9.64 mg L−1) than the biogenic mode (345 ± 6.08 mg L−1) employing Pseudomonas aeruginosa
UJM KY355382.1. However, the latter process should be preferred owing to its eco-friendly nature. For successful
ttainment of the circular economic objectives, the microbe-mediated ‘waste to wealth’ valorization protocol needs to be
ptimized. Nonetheless, it warrants further follow-up studies under real world situations after optimizing and up-scaling
he bacterial struvite production system. In future research, the fertilizer potential of the biogenic struvite should be tested
n different soils and in different agro-climatic soil environments, which will help translate the laboratory scale microcosm
nd outdoor mesocosm findings at field scale, and endure their reality check, successful replication, adequate reliability
nd adaptation of the technology. The acid test is its translation from ‘lab to land’ level through commercialization and
own-to-earth application as an integral part of the systematic agricultural management strategy.
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