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Effective treatment of waste streams such as municipal waste-activated sludge (WAS) presents an
opportunity for energy and nutrient recovery, water reclamation, and mitigation of climate change. WAS
is a waste product of the activated sludge treatment (AST) process widely used for municipal wastewater.
Currently, WAS treatment and disposal account for up to 50% of the total operation cost and 40% of the
total greenhouse gas emissions from wastewater treatment plants. Anaerobic digestion (AD) is usually
preferred for WAS treatment since it is more economical compared to other existing technologies. The
decomposition of sludge during AD releases nutrients, which are then discharged in the anaerobic
effluent, polluting recipient water bodies and increasing the nutrient burden. The nutrients, mainly
nitrogen (N), phosphorus (P), and potassium (K), can be crystallised into struvite (magnesium ammonium
phosphate, NH,MgPO,.6H,0) with numerous agricultural applications as fertilisers. The present review
focusses on struvite recovery from anaerobically digested WAS and its potential application for crop

production.

Vast amounts of water, valuable energy, and agricultural nutri-
ents could be recovered from the ever-growing volume of
municipal wastewater produced globally. About 380 billion
cubic metres of wastewater is produced annually worldwide with
projected increases of 24% and 51%, respectively, by 2030 and
2050 [1]. The major nutrients in the wastewater streams include
phosphorus (3.0 Tg), nitrogen (16.6 Tg), and potassium (6.3
Tg) annually (Tg=million metric tons) [2]. Up to around 370 k
tons of P are contained in the sludge generated from wastewater
treatment plants (WW'TP) in Europe [3]. The full energy and
nutrient recovery from wastewater could offset up to 13% of the
global demand for nutrients in agriculture, reduce overreliance
on fossil fuels, and minimise eutrophication [4]. Wastewater is
no longer considered waste to be treated and disposed of but is
now seen as a resource [5, 6].

There is a high demand for agricultural nutrients such as
phosphorus, nitrogen, and potassium [7]. Phosphorus is an
important ingredient for life and is a non-renewable resource.

Currently, phosphorus is mainly obtained through extractive
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activities from natural reserves [2]. The majority of phospho-
rus mineral rock concentrates are found only in a few regions
worldwide, including Iraq, Morocco, Algeria, Syria, and China,
thus posing a direct threat to global food security [8]. The phos-
phatic rock extractive peak will be reached in the next 100 years
resulting in a decrease in natural reserves [2, 9, 10]. When phos-
phate reserves decline there will be an increase in the extraction
and market prices, and at this point, the industry will be forced
to look for alternative sources of the mineral with the already
increased demand. Moreover, the alternative nutrient source
through nitrogen conversion to fertiliser using the Haber-Bosch
process is energy intensive and thus high cost [3, 11-13].
Phosphates and other ions present in the wastewater are
absorbed and stored in the form of polyphosphates inside the
bacterial cells in waste-activated sludge (WAS) during the acti-
vated sludge treatment (AST) process. Most wastewater treat-
ment plants utilise anaerobic digestion (AD) for WAS stabilisa-
tion, solids reduction, and biogas production [8]. The majority
of the phosphorus held in polyphosphates including some of the

P contained in the organic matter is released to the supernatant
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(liquid phase) during the anaerobic digestion process, signifi-
cantly increasing the phosphate concentration in the final efflu-
ent [14]. As a result, the anaerobic supernatant effluent is an
ideal stream for phosphorus recovery via struvite precipitation
[8]. The continued nutrient loss from wastewater streams poses
several environmental threats including the eutrophication of
water bodies [3, 11-13].

Nutrient recovery from wastewater treatment effluent has
attracted considerable research interest [15]. To date recovery
treatments such as nitrification-denitrification processes [16],
anaerobic ammonium oxidation, ammonium stripping [17],
breakpoint chlorination, adsorption, ion exchange, and reverse
osmosis [18] have been employed. These methods, however,
still come short in terms of sustainability, reduction of pollu-
tion load, and the potential to create a circular economy. Struvite
crystallisation from wastewater is sustainable and promising for
the reclamation of nutrient-rich wastewater [1]. The chemical
approach of crystallisation is widely considered since it uses a
simple procedure of modifying the physiochemical properties
of the solution, transforming the nutrient from soluble to par-
ticulate composition [19]. Struvite, which contains nitrogen (N)
and phosphorus (P), has piqued the interest of environmental-
ists and agriculturalists. Struvite has the potential to be used as
a plant fertiliser for crops due to its solubility [20]. The current
study reviews the potential for struvite recovery from anaerobi-

cally digested WAS and its application in crop production. Of

special interest is the emphasis on the crystallisation mechanism

and the factors affecting the process.

Municipal wastewater and waste-activated sludge

Municipal wastewater (MWW), also known as sewage, includes
liquid waste generated from institutions and residences, usually
discharged through pipes or sewer systems. The MWW con-
tains a mixture of wastewater generated from different domestic
sources including sinks, showers, toilets, and kitchens. MWW
is majorly composed of water with a small concentration of dis-
solved and suspended inorganic and organic matter. Organic
matter is majorly constituted by lignin, carbohydrates, fat, pro-
teins, and detergents. In addition to the organic and inorganic
matter, bacteria, helminths, protozoa, and pathogenic viruses
are likely to be present in raw MWW [21]. To prevent environ-
mental pollution and overcome the increasing pressure on water
resources, the reclamation of MWW has been considered. This
can be achieved through the widely used conventional municipal
wastewater treatment system. There are several stages of treat-
ment for MWW, which are, preliminary, primary, secondary, and
tertiary as depicted in Fig. 1 [22]. The preliminary stage includes
screening and grit removal where big solids such as rags that
would interfere with mechanical equipment are removed. Grit
removal ensures the separation of sand-like heavy solids that
usually settle in channels, thereby interfering with treatment
processes (Fig. 1).

Activated sludge system (AST)

1

i Air

l |

- v v
Wastewater | Preliminary Primary ' [ secondzry .
nfluent treatment clarifier | %" Aeration tank — o e | Effluent
Recycle
activated sludge
\ 4 '
Primary Waste activated

sludge

sludge (WAS)

Figure 1: Basic flow diagram of a municipal wastewater treatment system employing an activated sludge system.

©The Author(s) 2023

www.mrs.org/jmr

Issue 16 August 2023

Volume 38

Journal of Materials Research

3816



N

v

Journal of
MATERIALS RESEARCH

m

The primary stage of treatment involves sedimentation
of the screened and de-gritted wastewater stream to remove
settleable solids (particulate pollutants). Up to half of the sus-
pended solids are removed in the primary stage. The residue
resulting from the primary treatment is the primary sludge,
which is a concentration of suspended particles in water. The
biodegradability of primary sludge is high and thus can be
easily treated through biodegradation [23]. Although the
goal of the primary stage is to separate the readily removable
suspended solids, dissolved and colloidal wastes are not suffi-
ciently removed, thus calling for a secondary treatment [22].
The secondary MWW treatment stage follows a biological
treatment approach. Microorganisms attached to media (in
a “trickling filter” or one of its variations), in suspension (in
the activated sludge process) or in ponds or other processes,
are used to digest biodegradable organic material/pollutants
[24]. Given its high efficiency, low cost, and simple operation,
the activated sludge treatment (AST) process is nowadays
the most widely used biological secondary treatment method
[22].

During the biological treatment in the AST process,
microorganisms oxidise part of the organic material leading to
the formation of carbon dioxide and other end products, while
the remainder provides the materials and energy required by
the microorganism community [24, 25]. After the biological
treatment, the microorganisms biologically flocculate form-
ing settleable particles (excess biomass), which are separated
in the secondary clarifiers as waste-activated sludge (a con-
centrated suspension also known as trickling filter humus
or biological sludge). The generated waste-activated sludge
represents about 1-2% of the total treated wastewater vol-
ume, a major drawback of the AST system [25-29]. The WAS
consists of easily decomposable organic matter, pathogens,
heavy metals, and toxic chemicals, thus posing the risk of
secondary environmental pollution [30]. The remediation of
excess WAS is a major challenge legally, environmentally, and
economically [28, 31]. WAS treatment and disposal account
for up to 60% of the total operation cost and 40% of the total

greenhouse gas (GHG) emissions from wastewater treatment
processes [27, 32-34].

Waste-activated sludge as a source of nitrogen
and phosphorus

Municipal WAS contains a high concentration of organic mat-
ter in the form of COD, as shown in Table 1 [35]. Also present
in WAS are nutrients such as nitrogen and phosphorus (P) and
heavy metals, including zinc, copper, nickel, lead, mercury, and
chromium [32]. More than 90% of P in the municipal wastewa-
ter influent is usually transferred to the sludge. In modern facili-
ties, off-gases such as N, are removed during denitrification but
may still be present in the sludge in conventional WWTP [12,
36]. After biological treatment, the effluent is directed to the set-
tling tanks where the excess biomass is separated as waste-acti-
vated sludge (WAS), which makes up to 2% of the volume of the
treated wastewater [37]. The phosphorus-rich WAS is linked to
the major issues of high cost, the difficulty of sludge treatment,
and limited sludge disposal options [38]. Table 1 shows some
of the characteristics (chemical and physical) of WAS which is
always seen as a nuisance even though the sludge granules con-
tain nutrients and organic matter in large amounts [37, 39]. It
is thus important to develop an efficient, energy-sensitive, cost-
effective, environmentally friendly, and sustainable WAS treat-
ment system that would ensure maximum resource recovery

with zero-waste generation [10, 37, 40].

Waste-activated sludge treatment through anaerobic
digestion

Anaerobic digestion (AD) is widely used for sludge stabilisation,
solids reduction, and energy recovery through biogas produc-
tion [8, 9, 12, 42, 44]. The AD process is multi-step consisting
of parallel and series reactions, proceeding in the four succes-
sive stages of (i) hydrolysis, (ii) acidogenesis, (iii) acetogenesis,
and (iv) methanogenesis as depicted in Fig. 2 [45]. The overall
bioconversion process involves direct and indirect interaction

between varying groups of bacteria, where the product of one

TABLE1: Characteristics of waste-

activated sludge. Parameter Lee et al. [41] Otieno et al. [37] Hou et al. [42] Latif et al. [43]
Total solids (TS) 14,170 mg/L 65.3 mg/L 5.799g/L -
Volatile solids (VS) 10,740 mg/L 42.1 mg/L 2.819/L 3349/L
Total COD 14,350 mg/L 6860 mg/L 4253 mg/L 443 g/L
Soluble COD 94 mg/L 1408 mg/L 26 mg/L -
Total N 800 mg/L - - 1700 mg/L
Soluble N 40 mg/L - - -
Total P 640 mg/L - 233 mg/L 1060 mg/L
Soluble P 33 mg/L 67 mg/L - 321 mg/L
PH 6.3 6.7 6.92 6.4

©The Author(s) 2023

www.mrs.org/jmr

Issue 16 August 2023

Volume 38

Journal of Materials Research

3817



Journal of
MATERIALS RESEARCH

%m

Suspended organic matter, proteins, carbohydrates, lipids

« Hydrolysis
A 4 l A 4
Amino acids, sugars Fatty acids
Acidogenesis
| Intermediate products,
propionate, butyrate
v Acetogenesis
Acetate [¢
A
> Hydrogen
Methane : Methanogenesis

Figure 2: Reaction steps of anaerobic digestion of complex organic matter.

group is the substrate for another group. The AD process not
only reduces the amount of sludge that must be disposed of but
also generates valuable biomethane gas, improves the dewater-
ing properties of the digested sludge, generates high-quality
biosolids for land application, and serves as a carbon source
for denitrification [16]. The multiple breakdown steps of the
AD process are enabled by the intricate interactions of various
bacteria [46]. During the four phases of AD, bacteria feed on
the organic contents to produce carbon dioxide and methane in
the absence of oxygen [47]. The rate-limiting stage in anaerobic
digestion has been determined to be biological hydrolysis [46,
48].

Nutrients release during the anaerobic digestion
of waste-activated sludge

The disintegration of the sludge during AD releases nutrients
in excessive amounts. The nutrients can easily pollute receiv-
ing water bodies leading to algal bloom [41]. Several studies
(Table 2) have reported a significant increase in the concen-
tration of phosphorus and nitrogen in the liquid phase during
the anaerobic digestion of WAS [9, 10, 40, 49]. Effluents from
anaerobically digested sludge have become severe sources of
pollution given the high concentration of nutrients, including
phosphorus [4]. Phosphorus is not transformed into any gase-

ous compound, unlike nitrogen which is removed easily as N,

©The Author(s) 2023

TABLE 2: Concentration of nutrients in WAS supernatant before and after
anaerobic digestion.

Before AD After AD

Lietal.[9] PO, —1.14 mg/L
NH*—1.21 mg/L
Aqueous P—0 mg/L
OP—0 mg/L
TDP—1.99 mg/L
PO,*"—0.52 mg/L
OP—0.63 mg/L

PO,>—181.2 mg/L
NH*—318.86 mg/L
Aqueous P—316 mg/L
OP—787.47 mg/L
TDP—7.30 mg/L

PO, —3.19 mg/L
OP—4.77 mg/L

Cheng et al. [49]
Liuetal. [10]
Xu et al. [40]

through anammox and denitrification processes [9]. As a result,
removing phosphorus from the effluents should be a top focus
to preserve water quality and reduce environmental pressure.
Moreover, for sustainable development and food security, it is
crucial to enhance the recovery of the nutrients contained in
WAS [50].

Struvite recovery from anaerobically digested
waste-activated sludge

Phosphorus removal techniques have been created using various
chemical and biological methods, including metal precipitation,
built-in wetland systems, natural nutrient removal techniques,

improved biological phosphorus removal techniques, and the
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struvite crystallisation process [51]. The struvite crystallisation
process is the best method since it can simultaneously recover
and remove phosphorus from wastewater [12]. Struvite is a
crystalline material made up of magnesium (Mg), ammonium
(NH,), and phosphate (MgNH,PO,-6H,0) in equimolar con-
centrations. It is a high-quality fertiliser because of its slow rate
of nutrient release, low frequency of application, and low heavy
metal concentration, which helps make it environmentally
benign [52].

Nucleation and crystal development are the two primary
mechanisms that cause struvite to form. To begin, important
ions in soluble form in wastewater, such as PO43', NH,", and
Mg®, interact with one another to form the seed or nucleus of
struvite in the supersaturated solution [53]. After the struvite
nuclei have formed, the next step is to keep growing the nuclei
until the solution attains a chemical equilibrium, indicating the
complete formation of struvite [54, 55]. Equation 1 shows the
struvite precipitation reaction in wastewater solution by the
Mg:P:N molar ratio of 1:1:1.

Mg*™ + NH; + PO}” + 6H,0 — MgNH4PO4.6H,0
(1)
Crystallisation is a process of transforming a liquid solution
into a solid, by a chemical equilibrium-controlled process, where
a supersaturated solution nucleates the solute [56]. Despite its
intricacy, crystallisation is frequently used in industrial appli-
cations to separate a desired solid phase. There are two stages
to this chemical engineering process: nucleation and crystal
growth [57]. Crystals development takes place during the stage
of nucleation [53]. When ions combine to form the early state
of crystals, crystal embryos are generated [58]. In the crystal
growth stage, the growth of crystals continues until equilibrium
is attained. To crystallise a substance like struvite, the driving
force of supersaturation must be met to cause the initial forma-
tion of crystals [58].
The initial crystal states of the compounds, anomalies

in matter transfer between the aqueous and solid phases,
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thermodynamics, and reaction kinetics all have an impact on the
struvite recovery process. The prediction and control of nuclea-
tion and crystal formation are affected by several physical and
chemical parameters, including ion concentration, pH, super-
saturation level, blending energy, heating rate, and the presence
of foreign ions in the solution [59]. In crystallisation processes,
supersaturation is a critical parameter [60]. The ratio of ionic
activity to the solubility constant determines the saturation.
Tonic species activity is determined by the valence of the ions as
well as the total ionic strength of the solution [40, 61].

Effect of pH on struvite precipitation

One of the primary factors affecting the struvite crystallisation
process is the pH (both NH," and PO, activities are substan-
tially pH dependent); with increasing pH values, PO,*™ activ-
ity increases while NH," activity decreases [59, 62]. The pH
range between 7.0 and 11.5 is where struvite precipitation is
most likely to take place. However, 8 to 9.5 is the ideal pH range
for struvite formation. The pH range for the precipitation of
struvite and the removal of nutrients is also impacted by inter-
fering ions in the solution [19, 63]. The ideal pH for struvite
precipitation was examined based on a batch experiment. The
removal efficiency for ammonia N and phosphate P in synthetic
and actual wastewaters, respectively, at different pHs are shown
in Figs 3(a) and (b). The highest ammonia N and phosphate P
removal occurred at pH 9.0 and 11.0, respectively, for synthetic
wastewater [Fig 3(a)] [63]. Both ammonia N and phosphate
P removal efficiencies relied on the reaction pH. According
to Fig. 3(b), the ideal pH range for phosphate P removal was
between a pH of 8 and a pH of 10. In both types of wastewater,
the highest phosphate P removal efficiency was over 95%, while
the maximum ammonia N removal efficiency was much lower
in real wastewater because of the high initial concentration of
ammonia N. Thus, the pH range of 8.0 to 10.0 can be thought
of as ideal for the removal of both ammonia N and phosphate
P [20, 63].

=o—Ammonia N
1 ~#-Phosphate P
(b)
6 7 8 9 10 11 12 13

pH

Figure3: Ammonia N and P phosphate removal at different pHs for (a) synthetic and (b) real wastewater (Adapted from Kim et al. [63]).
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The morphology of struvite can also be affected by pH (the
Zeta potential can interfere with agglomeration development);
therefore, a change in pH can result in a considerable difference
in crystal size [64]. Siciliano and De Rosa [65] using anaerobic
digestion effluent for struvite recovery found positive results
attributed to alkaline conditions with a pH not greater than 9.
With a degree of purity above 90% of recovered precipitate, Hao
et al. [66] stated a range of pH 9 to 9.5 as the most favourable.
As pH continues to increase beyond level 9, the struvite pre-
cipitation may be hindered due to the decreased availability of
ammonium ions, which are converted into ammonia gas. Also,
phosphate ions in the solution notably increase [2]. The optical
microscope photographs of the struvite crystals at varied reac-
tion pH levels are shown in Fig. 4 [63]. Larger struvite crystals
are formed at higher pH levels leading to higher yields [62, 67,
68].

The formation of struvite crystals is also influenced by the
type of ionic species in the wastewater. The presence of competi-
tive ions (Ca®*, Na*, K*, AI**, Fe®*, and more), regarding the pH
value, has a significant influence on the process of precipitation.
For instance, at high calcium (Ca®") concentrations, the forma-
tion of a metastable form of hydroxyapatite could occur at a
pH value higher than 10 leading to a low amount of struvite
precipitates [69]. In a study by Xu et al. [70], the XRD patterns
of struvite recovered from WAS at pHs 8 and 9 matched that
of pure struvite, while at pH 10 the pattern had peak deviation
indicating the emergence of impurities (Fig. 5). Thus, a specific
pH value for struvite formation cannot be easily prescribed, and
literature may only be used as a guide. As a result, direct inves-
tigations are key in determining the optimal pH value for the

removal and recovery of nutrients in the form of struvite.

Effects of molar ratios on struvite formation

Struvite forms when NH,*, PO43, and Mg2+ are present in
equimolar concentrations in the waste stream [59]. The stru-
vite precipitation process aimed at the removal and recovery
of phosphorus, with an excess of ammonia present, requires

the addition of magnesium only making it sustainable. On
the other hand, struvite processes aimed at the removal and
recovery of ammonia and phosphorus require the addition
of phosphorus and magnesium to achieve the stoichiometric
molar ratios and are thus more expensive. Despite the require-
ment for equal molar amounts for struvite formation, reagents
ought to be overdosed due to the presence of competitive ions
in waste streams. These competitive ions can react with Mg?*
and PO, ions, reducing their availability for struvite forma-
tion [71]. Previous studies have shown that larger crystals take
a long time to develop, in days or weeks [72]. Other stud-
ies have discovered an ideal mixing intensity when crystal
development is rapid and massive crystal shearing is low. As
a result, mixing strength influences the formation of crystals
and the efficient removal of phosphorus by crystal sedimenta-
tion [57].

Adding magnesium ions has little to do with phosphorus
elimination. Therefore, it is important to regulate the external
addition of phosphate and magnesium to ensure that struvite
precipitation from wastewater is feasible [59]. For struvite
precipitation, a wide variety of PO,*>~ and Mg** ratios have
been examined; with the effective ratio often found to be 1:1
or 1:1.2. Although phosphate removal is unaffected when
Mg?*:NH,*:PO,* molar ratio is greater than 1.3:1.0:1.0 at pH
9.0 in a full-scale plant, most of the researchers have indicated
that the ideal molar ratio of Mg?*:NH,":PO,*>" for struvite pre-
cipitation is between 1:1:1 and 1.6:1:1 [63, 71].

The removal rate of phosphorus was found to be above
97% when the molar ratio of Mg?* to PO,*” was increased to
1.4:1 during the treatment of simulated wastewater (Fig. 6).
When the molar ratio of Mg?* to PO,*" is less than 1.05:1, a
combination of MAP and calcium phosphate is formed [19,
20, 71]. The presence of additional competing ions has a sig-
nificant impact on struvite precipitation. Magnesium and cal-
cium phosphate compounds and carbonates are the principal
solid phases that can potentially precipitate alongside struvite

[73]. The two primary magnesium phosphate compounds that

Figure 4: Struvite crystals (1000X) formed at (a) pH 8, (b) pH 8.5, and (c) pH 9 (Adapted from Kim et al. [63].
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Figure 5: XRD patterns of struvite (pure and precipitates) obtained at different pHs (Adapted from Xu et al. [70]).

BT-N BAmmoniaN OT-P 8Phosphate

1:1 1:1.1 1:1.2 1:1.3 . 1:2
PO,% : Mg?* ratio

Phosphorus and nitrogen removal according to PO, 3:Mg.?*

molar ratio for anaerobic digester effluent at pH 9 (Adapted from Kim
et al. [63]).
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can precipitate are Newberyite and Bobierrite. Their ability
to generate a precipitate, however, is greatly dependent on
operating conditions [61].

Effect of temperature on struvite precipitation

Temperature affects struvite solubility in terms of the solubility
constant and the rate of reaction and has an impact on crystal
development [19, 20, 71]. Struvite precipitation is hindered at
high temperatures because the solubility product and the super-
saturation state of the solution in which crystals may form are
linked. Another consideration is that the ammonia evapora-
tion zone must be avoided. The relative speeds of diffusion
surface integration are known to be affected by temperature,
which impacts crystal formation [20]. The reaction temperature
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determines the solubility products and precipitation kinetics of
the precipitates in the wastewater. The solubility and kinetics
can affect recovery efficiency and potentially induce the simul-
taneous precipitation of struvite with calcium phosphates [74].

The influence of temperature on struvite precipitation was
explored by conducting experiments with saltwater and syn-
thetic refuse water at 20 °C and 30 °C, respectively. A higher
P recovery was obtained at the lower temperatures of 20 °C as
compared to 30 °C [64]. Increasing the temperature to 30 °C
inhibited struvite nucleation at the Mg:P ratio of 1:1 during the
60-min reaction time in the investigation (Fig. 7). As the reac-
tion temperature rises, the solubility product of struvite rises,
reducing its supersaturation in solution [20, 64]. At other Mg:P
ratios, increasing the temperature from 20 to 30 °C in line with
decreasing supersaturation reduced Phosphate recovery per-
centage by 11% to 28%; however, no adverse effects on product
quality were observed [64]. Figure 7 shows that a larger Mg:P
molar ratio can compensate for the negative effect of increasing

temperature on Phosphate recovery [20, 64, 75].

Magnesium sources for struvite precipitation

The reagents added depend on the element of interest in terms of
removal and recovery from the wastewater effluent. The chemi-
cal-physical characteristics and properties of the wastewater
effluent dictate the number of reagents to be added [2]. Addi-
tional supplementation of alkaline compounds is required for
adjusting the pH to the value able to minimise struvite solubil-
ity. The amount of alkaline medium to be added depends on
the properties of the wastewater and the amount of magnesium
and/or phosphorus added. Magnesium and phosphorous com-
pounds tend to be acidic when added to an aqueous solution
and, thus, their addition increases the consumption of alkaline
compounds [65].

For the formation of struvite precipitates, pure reagents such
as MgSO,, MgO, Mg(OH),, and MgCl, are commonly used [10].
Salts such as MgSO, and MgCl, are very soluble allowing for

100 - m Synthetic Reject-20 C
m Synthetic Reject-30 C
80
£
=
L
>
]
S
o
a
1

1.67 2.34 3
Mg:P molar ratio

Figure7: The effect of temperature on P recovery (Adapted from Shadda
et al. [64]).

©The Author(s) 2023

the recovery of a highly pure precipitate. However, the use of
both reagents causes a significant increase in Cl~ and SO,*” con-
centrations, consequently negatively affecting the quality of the
effluent [18, 76]. Alternatively, MgO does not produce a com-
promised effluent, however, it has low solubility in water. The
solubilisation of MgO through acid dissolution pre-treatment
complicates the struvite precipitation process. Phosphorus
recovery as vivianite (Fe;(PO,), 8H,0) is gaining traction given
the higher economic value and recovery efficiency [3, 77].
Other methods for phosphorus recovery have been exploited
in the past, such as electrolysis, and magnesium sacrificial anode
as the source of Mg®* has gained attention as a possible way for
struvite precipitation. A high-purity magnesium alloy cast anode
is very efficient for struvite precipitation formation of high
purity from water solutions. In a novel approach to crystallisa-
tion and struvite precipitation of phosphate using pig wastewa-
ter, Huang et al. [78] used metal magnesium as an Mg** source.
In this reaction, Mg® is oxidised to Mg®* with the production
of H, and OH". The corrosion of the metal played two roles
supplying Mg?* and raising the solution pH. The metal dos-
age affects the efficiency of the process. The process was further
improved by air bubbling and the addition of graphite pellets.
The presence of graphite accelerates the rate of Mg’ corrosion,
and the air bubbling reduces the passivation of the surface of
the metal. Most of these practices are costly and thus research-
ers have sort after low-cost magnesium sources for the benefit
of real-life application on a large scale. In particular, magnesite,
bittern, seawater, and wood ash have been tested [64, 79, 80].

Benefits of struvite recovery

Through struvite precipitation of the liquid digestate, ammo-
nium and phosphate may be effectively removed from waste
streams and recovered as a solid compound, leaving only a
negligible trace amount of impurities [2, 19]. Owing to the
chemical characteristics of the precipitate produced, it presents
a valuable multi-nutrient slow-release fertiliser for vegetable
and plant growth. Distinct pH ranges result in different behav-
iours from struvite. If the pH is seven or above and the envi-
ronment is neutral to basic, struvite dissolves very slowly [81].
Around plant roots, the soil becomes slightly more acidic (pH
7), thereby increasing the solubility of the struvite [73]. When
the plants require the nutrients, the phosphorus, nitrogen, and
magnesium in struvite slowly dissolve nearby plant roots and
become available for uptake. As a result, when employed as a
source of phosphorus for agriculture, struvite has slow-release
characteristics in soil.

Struvite has been sprayed on fields or mixed into the ground
to enhance crop production [82]. Currently, struvite precipi-
tate is the most recovered compound in pilot and operational

facilities in Europe with an estimated 15 000 tons per annum
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production rate from treating urban wastewater. Industrial
wastewater and manure are being evaluated as potential struvite
sources. Also, in China, Japan, and the USA significant struvite
quantities are produced [83]. Even with the establishment of
these applications, struvite recovery is still under continuous
development.

Aquatic habitats benefit from wastewater phosphorus and
nitrogen precipitation. Excess nitrogen and phosphorus can
lead to eutrophication, eventually resulting in dead zones [4]. To
thrive, algae require nutrients, majorly phosphorus and nitro-
gen. However, when either nutrient is in excess, particularly
phosphorus, algae formation is higher than required, causing
the surface of the water to be covered in algae [84]. The ensuing
decomposition of the excess algae consumes oxygen, which may
create an oxygen-depleted zone. Other plants and even fish may
perish as a result. The quality of the water released back into
the environment is improved by removing extra nutrients from

wastewater, especially phosphorus and nitrogen [11, 64].

\
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Figure8: Circular Phosphorus economy with struvite.

TABLE3: Growth analysis of selected crops by application of struvite fertiliser.

The impact of struvite on sludge disposal is crucial since
phosphorus recovery can cut the volume of sludge produced
by 49% [20]. If sludge disposal prices rise, phosphorus recov-
ery could emerge to cut costs associated with sludge disposal.
Another problem with sludge disposal is spreading more sludge
per hectare of land by lowering the amounts of nitrogen and
phosphorus in the sludge by controlled struvite precipitation.
This is due to the implementation of precise nutrient application

restrictions that limit the leaching of nitrates. [19].

Application of struvite on crops

A sustainable sludge management strategy that fosters a circular
economy can benefit from struvite recovery [85], as depicted in
Fig. 8. Struvite possesses qualities that are comparable to those
of conventional ammonium phosphate fertiliser. By growing
vegetable crops in pots, several struvite crystalline fertilisers
have had their effectiveness assessed [84].

Recovered struvite has shown successful results in cultivat-
ing vegetable crops, particularly when used in the appropriate
concentrations. Various experts have carried out investigations
on the germination and growth of vegetable crops. The find-
ings from studies on crop growth using recovered struvite and
other commercial fertilisers are outlined in Table 3. The effi-
ciency of struvite and commercial fertilisers for maize growth
is comparable, according to Peeva et al. [82]. The application of
carbamide + ammonium nitrate resulted in the maximum yield
in the study of maize growth analysis (56.64 kg/ha), whereas
the application of struvite alone resulted in a yield of 54.60 kg/
ha. When struvite was the only source of phosphate/ammo-
nium, V. radiata demonstrated the best plant development at

Growth/yield Measurements

Crops Fertilizers Applied
Yield, kg/ha Mi000r 9
Maize Peeva et al. [82] Control sample 51.43 238.92
Ammonium nitrate 55.87 246.40
Carbamide + Ammoniu nitrate 56.64 249.20
Struvite 54.60 245.27
Struvite + Ammonium nitrate 55.11 246.36

Stem height (cm) Leaf area (cm?)

Vigna radiate Prabhu and Mutnuri [85] DAP 23.77 8.38
Manure 28.23 10.43
Struvite 30.33 10.90
Control fertilizer 19.50 7.33

Yield, kg/ha M 000 9

Cucumber Min et al. [84] Struvite 46.80 10.90
Struvite + Zeolite 37.40 8.70
Control fertilizer 37.00 9.90

©The Author(s) 2023
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lower struvite concentrations than other phosphate/ammonium
source materials [85]. Thus from these findings, struvite can be
produced as a renewable fertiliser from an abundant wastewater

source for sustainable circular agricultural development [84].

Waste-activated sludge (WAS) from municipal wastewater treat-
ment plants has significant environmental and operational con-
cerns. Anaerobic digestion (AD) is commonly employed to sta-
bilise the WAS, reduce solids, and recover energy. However, the
decomposition of sludge during AD releases nutrients, which are
then discharged in the anaerobic digestate, polluting recipient
water bodies and increasing the nutrient burden. The nutrients,
mainly phosphorus (P) and nitrogen (N) can be crystallised into
struvite (magnesium ammonium phosphate, NH,MgPO,.6H,0)
with numerous agricultural applications as fertiliser. Optimi-
sation of the influencing variables is key for effective struvite
recovery from wastewater streams. Struvite recovery can con-
tribute to a sustainable sludge management approach, which
creates a circular economy. In the circular economy, nutrients

that are lost can be recycled back into the soil.
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