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Abstract: Struvite precipitation from Wastewater involves an excess of ammonium to create a
supersaturated initial solution. The remaining fraction can be a threat to the environment. This work
combined struvite precipitation and ammonium sorption using natural zeolite to decrease the
ammonium level in the effluent. Two approaches of estimation of feed sample doses were used.
One consisted of gradient experiments for ammonium precipitation to the asymptotic level and
was combined with clinoptilolite to lower the ammonium level in the effluent. This approach used
doses of 0.05:1.51:0.61:1 of Ca:Mg:NH4+:PO43_ mole ratios, respectively. In contrast, three level
design with narrowed NH,*:PO,3~ range reached 0.25:1.51:0.8:1 for Ca:Mg:NH,4*:PO43~ mole ratios.
The addition of zeolite decreased effluent ammonium concentration. In both ways, the P and N
recoveries were higher than 94% and 72%, respectively. The complexity of the precipitation mixture
decreased the ammonium sorption capacity (Qe) of clinoptilolite from Qe of 0.52 to 0.10 meq-g~! in
single and complex solutions, respectively. Thermodynamically, the addition of 1.5 % of clinoptilolite
changed the struvite precipitation spontaneity from AG of —5.87 to —5.42 k]-mol~! and from 9.66 to
9.56 kJ-mol~! for gradient and three level experimental procedures, respectively. Thus, clinoptilolite
demonstrated a positive effect on the struvite precipitation process and its environmental impact.

Keywords: phosphorus recovery; dairy wastes; struvite precipitation; clinoptilolite; ammonium
sorption; spontaneity

1. Introduction

Struvite is a phosphate salt formed by the association reaction of magnesium, am-
monium and phosphate in aqueous alkaline conditions [1]. The lower solubility property
and the provision of both nitrogen and phosphorus (P) makes struvite a commercially
valuable product for agriculture [2]. The plant nutrients management recommends the
use of slow nutrient release fertilizer among which struvite has been qualified by several
studies [3-5]. Inorganic fertilizers are criticized for high nutrients leaching, which poses
environmental pollution of water and eutrophication caused by P flux from agricultural
activities [6]. As mitigation, bio-based fertilizers and slow nutrients release-phosphate
salts are recommended. Calcium and magnesium phosphate salts such as hydroxyapatite
and struvite demonstrated the low nutrient leaching properties, even in sandy soils [7].
Along with slow nutrient release fertilizer awareness in agriculture, the P recovery from in-
dustrial effluents is an important area. The European Innovation Partnership Agricultural
Productivity and Sustainability (EIP-AGRI) highlighted chemical precipitation for P recov-
ery from wastes [8]. Calcium phosphate was reported to be recovered from manure, while
struvite is the recommended form for fertilizer use [8]. The latter is more profitable due to
its content of magnesium, nitrogen and P in the forms efficiently available to plants [9,10].
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The production of struvite involves an equimolar reaction of magnesium, ammo-
nium and phosphate in aqueous solution. The P recovery from complex aqueous matrices
involves higher dose of magnesium and ammonium to create a supersaturated mixture
enhancing precipitation and competition with other ions. The latter include metal ions
such as aluminum(IIl), calcium(IIl) and iron(II/1II). The phosphates formed with these ions
precipitate better than struvite. Therefore, the optimum conditions for struvite precipitation
were experimentally proved to require the excess of precursors in the feed reactor, partic-
ularly the N H,*:PO43~ molar ratio. This was studied by several researchers on various
Wastewaters. The reported molar ratios NH,+:PO,3~ vary from 1:1 to 1:20 [11] to recover
phosphorus from complex wastes by struvite precipitation. The excessive ammonium
becomes particularly compulsory in struvite precipitation from dairy wastes and other
high calcium and multivalent cations containing matrices. Whilst the quality of recovered
product is enhanced, the process life cycle assessment (LCA) reports a re-pollution caused
by residual ammonium [12]. In fact, from the initial supply in the reactor, only a fraction is
involved in struvite formation, while the remaining portion becomes an environmental
pollutant. Gong et al. demonstrated that an NH,*:PO43~ mole ratio less than 1.2 in struvite
crystallizer enhances ammonium recovery, while less than 65% of ammonium was recov-
ered when NH;* moles increased to more than double those of phosphate [13]. Despite
that, several reports indicated the need for a higher NH,*:PO43~ molar ratio of substrate
during P recovery by struvite precipitation. These include the reported NH;*:PO43~ mole
ratio of 3.1:1 applied on swine Wastewater [14]; 5:1 on Wastewater sludge [15]; 2.69:1 on
whey [16], 6:1 on municipal Wastewater [17]; and 2.25:1 from industrial Wastewater [18].
Thus, there is a reasonable expectation of ammonium residue from crystallization effluent.
Given that P was classified as a non-renewable resource, its recovery to a commercial prod-
uct is important. However, the improvement of the process nexus life cycle, particularly
the environmental impact of residual ammonium, is still a gap and needs to be addressed.
The latter is standardized to a threshold of 60 mg-L~! of ammonium nitrogen in effluent,
while P is up to 2 mg'L_1 [19].

The International Organization for Standardization (ISO) has established a method-
ology for conducting LCAs, which, besides the definition of a goal and scope, inventory
analysis and interpretation of results, includes process impact assessment [20]. An unclosed
loop for ammonium removal in subsequence of P recovery has negative impacts on the
environment such as the increase of eutrophication and the non-conformity to standards of
process life cycle [12,20,21]. In this regard, the study combining struvite precipitation with
ammonium removal is important for green process implementation. Different approaches
were previously reported, including ammonium removal using packed beds with synthetic
and natural zeolitic minerals [22]. The most widespread representative of this crystalline,
microporous aluminosilicates group is clinoptilolite. This material has a high affinity for
ammonium ions and enables their efficient removal from Wastewater. The resulted NHy*
saturated clinoptilolite can be applied as a fertilizer in agriculture. It is beneficial for both
soil by improving water retention and for crops by increasing the N availability (reduction
of nutrient losses due to leaching, runoff and volatilization) [23]. The struvite crystallization
combined with NH4* adsorption on natural zeolite has been proposed as a method for
nutrient recovery from human urine [24] and swine Wastewater [25].

The current work aims to simultaneously elaborate methods of obtaining two fertil-
izer formulations during a single process that combines struvite precipitation from dairy
Wastewater and ammonium sorption on clinoptilolite. Moreover, the effect of zeolite
addition was determined from a thermodynamic point of view at struvite precipitation
equilibrium. The research scope intends to contribute to the environmentally friendly
process of P recovery through struvite precipitation.
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2. Materials and Methods
2.1. Chemicals, Reagents and Basic Equipment

The Magnesium chloride, di-potassium hydrogen phosphate, calcium chloride di-
hydrate, sodium hydroxide and ammonium chloride were used as magnesium, phos-
phorus, calcium and alkali source, respectively. All reagents with a purity of 99.5% were
obtained from Avantor Performance Materials Poland S.A. Millipore Simplicity UV (Merck,
Germany), a laboratory demineralization system that was used to create deionized water.
For the latter analysis, ethylic alcohol, nitric acid (65%), hydrogen peroxide (30%) and
sulphuric acid (>95%) (Avantor Performance Materials Poland S.A., Gliwice, PL) were
used in cleaning materials. In ICP-OES analysis, a multi-element standard (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany ) was employed for standard calibration. The
nitrogen (N) and carbon (C) total contents were determined using the CN analyzer (Vario
MACRO Cube elemental analyzer with a Thermal Conductivity Detector—TCD ELEMEN-
TAR Analyser system GmbH, Langenselbold, Germany)). Boric acid, mixed indicator of
green bromocresol and methyl red, and hydrochloric acid analytical weight for 1 L 0.1 N
were used in total nitrogen digestion, ammonium collection and titration, respectively. The
sample of zeolite rock used in this work was collected from a mineral deposit located in
the Nizny Hrabovec, Slovakia. The material consists of 74% clinoptilolite, 11% cristobalite,
6% plagioclase, 4% illite and smectite, 3% tridymite, 1% kaolinite and 1% quartz. They are
characterized by a specific surface area of 29 m?-g~! [26] and a cation exchange capacity of
121-125 meqNH,* (100 g) ! [27]. The chemical composition of the zeolitic material was
determined through X-ray fluorescence (XRF) analysis.

2.2. Sample Preparation

An artificial solution was prepared with the elemental composition corresponding
to cheese production Wastewater. The locally characterized whey from Sery Lutomier-
skie (Poland) cheese producing cooperative contained 512 + 25 mg-kg~! of P. Heavy
metals and other microelements such as Ni, V, Co, Ba, Pb, Sb, Ti, Mn, Fe and Al were
in traces (<2 mg-kg~'). The artificial sample was prepared following initial conditions
with the proper molar ratios favoring struvite precipitation, as previously determined [16].
Those conditions were 0.26, 1.21 and 2.69 for Ca:P, Mg:P and NHy*:P, respectively. The
composition of the sample and initial artificial mixture is presented in Table 1.

Table 1. Initial concentration of the artificial sample and its corresponding concentration in
real Wastewater.

Concentration [mg-kg—1]

Elements Wastewater  Artificial Elements Wastewater  Artificial
pH 4.35 8.9 N [%] 0.14 -

C [%] 3.07 - Na 485 -

Cl~ [mol-kg™'] 0.16 P 445 1203

B 10.3 - S 132 -

Ca 526 404 Si 99.94 -

K 1654 4524 NH,* 364 1876

2.3. Preparation of Zeolite Material

The natural zeolite was characterized for sorption properties, as per referred work [28].
Prior to all experiments, the zeolite was sieved to a granulometric size of 0.16-0.25 mm
and pre-treated to obtain homoionic Mg-form by three cycles of contact with 3% MgCl,
solution overnight, followed by washing with deionized water and then drying at 105 °C,
referring to existing works [29].
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2.4. Ammonium Sorption Experiment

The ion exchange of NH4* on Mg-clinoptilolite was examined in batch mode exper-
iments. A measured quantity of mineral (1 g) was added to 50 mL vials containing a
measured volume of NH,* solution (40 mL) in the range of 0-500 mg-L ! for a contact time
of 24 h to reach the sorption equilibrium. Subsequently, samples were decanted and filtered
by using Whatman nylon filters with 0.45 pm of pore size. The EPA method 350.2 was used
to determine the residue ammonium content. The amount (g.) adsorbed was calculated in
terms of initial (Cy) and equilibrium (C.) NH4* concentrations, mass of mineral (1) and
NH4" solution volume (V), as described by the following equation (Equation (1)).

(Co—Ce)*xV
e = — m, 1)

For this study, the single ion solution of ammonium ions in a concentration range of
0-500 mg-L~! was used. In order to evaluate the effect of other ions on ammonium sorption,
the same equilibrium experiments were conducted on multi-components aqueous solution
residue from struvite precipitation with the same range of ammonium concentration. The
sorption experiments were additionally done on both raw and Mg-form of zeolitic material
to assess their effect on ammonium uptake.

2.5. Struvite Precipitation Experiments

The adjustment of pH was done using aqueous sodium hydroxide solution (6 M
NaOH) and hydrochloric acid (1 M HCI) to exact pH 8.9 & 0.1. The molar ratio of calcium,
magnesium and ammonium to P were adjusted in initial batch reactors by adding the
pre-calculated quantity of their solution to 100 g of mixture. In this case, ammonium
chloride (4 mol-kg~!), dipotassium hydrogen phosphate (1 mol-kg '), calcium chloride
(1 mol-kg™!) and magnesium chloride (2 mol-kg~!) were used. The effluent was char-
acterized for phosphorus, magnesium and ammonium concentrations. The stirring rate
of 100 rpm, a reaction time of 60 min and 1h for liquid-solid phase equilibrium were set,
as described in other works [18,30]. The dry solid precipitate with and without zeolite
were characterized using X-ray diffraction (XRD) (Rigaku MiniFlex diffractometer, Tokyo,
Japan) and scanning electron microscopy-Energy dispersive spectroscopy (SEM-EDS, the
SEM/ Xe-PFIB Microscope FEI Helios PFIB from Massachusetts, United States) as in pre-
vious studies [16]. The nutrients’ composition in the products was analyzed for the total
concentration of elements using a standard method of multi-elements analysis (USEPA
method 3051) [31]. The evaluation of products as fertilizer was assessed by a germination
test and nutrient dissolution in citric acid 2% adjusted at pH 6 with NaOH 6N [32,33].

2.6. Effect of Zeolite on Precipitation Process

In addition to the effect on the final effluent ammonium concentration, the evaluation
of the zeolite effect on struvite precipitation was based on thermodynamic parameters
affecting the equilibrium. These are enclosed in the Gibbs energy of the precipitation
spontaneity described by Equation (2) [34]

@

AG = —2.303% log ( IAP)

Ksp

where AG is the the Gibbs free energy in KJ-mol~! for precipitation reaction, R is the ideal
gas constant (R = 8.31447 x 1073 KJ-mol~1.K~1), T is the absolute temperature (295 K), n
is the number of crystal lattice ions, the ion activity product (IAP), which is a conditional
solubility product (IAP = [Ti., a;), Ksp is the solubility product and g is the activity of
lattice ion standing for ay; i Imgets 4 PO} for struvite. The activities are obtained from

the concentration of each component corrected with activity coefficient in dependence
of solution ionic strength. The equilibrium is reached when AG = 0, spontaneous for
precipitation when AG < 0 and under-saturation when AG > 0. Thus, the discussion of
the effect of zeolite on the process condition was described as the extent to which struvite
thermodynamic equilibrium is reached. Considering the complexity of the feed sample,
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the molar balance of each lattice ion component was estimated to find the activity obtained
as dependent on the fraction («;) of the total activity (at. ) of the component (a; = a; * ar).
The speciation analysis was done using Visual MINTEQ (version 3.1, KTH, Sweden). For
the status of equilibrium, the total quantity of a component in the influent was preliminarily
estimated to reach the minimum of P and ammonium. This considers both the suitable
concentration range recommended for the evaluation of ammonium sorption by natural
zeolite (<500 mg-kg~!) [28] and the reported high ammonium concentration in struvite
precipitation effluents, as per previous studies [13]. Therefore, the precipitation equilibrium
experiments consisted of the adjustment of the competing ions to 0.26 Ca:P molar ratio
and the reaction conditions of pH 8.9 [16]; other parameters were assessed towards the
removal of both P and ammonium. Two approaches were used to find the feed material
dose for coupling with sorbent material for the evaluation of their effect on equilibrium.
These include:

2.6.1. Gradient Batch Experiments

The high ammonium concentration in struvite reactor effluent underwent further
batch gradient precipitation with the aim of ammonium removal to the minimum. In this
case, the gradient descent experiments were conducted iteratively in the batch reactor [35].
The objective was to find the total feed material of struvite lattice components that precip-
itates ammonium until the minimum concentration is reached [36]. This was described
by a relation of concentration (Cy;;;+) in the function of the monotonous repeated batch

experiments standing for the design variable (x). Up to five descent experiments were
necessary to reach the asymptotic level. The volume was upgraded to initial batch, and the
dilution factors were involved in subsequent experiment calculations to keep the volume
constant. In this case, the variation of ammonium concentration decreased from the initial
value Cy to Cr. An integrated relation of that decrease in function of gradient experiments
is presented in Equation (3) and was used to fit the obtained data, as described by [36].
In Equation (3), Chua et al. (2012) evaluated ammonium removal in a function of time
up to the minimum final concentration (Cy). In this work, the number of iterated gradient
experiments was instead considered.

CNHI = (Co — Cf)e_kx + Cf (3)

Furthermore, the estimated minimum is influenced by the initial supersaturation
of struvite. Thus, the investigation was done on three different gradients considering
Mg: P molar ratios. These include molar ratios Mg:P 1.21; 1.51; 1.81, which enhance the
various range of initial concentration of lattice ions and struvite supersaturation. The
Equation (3) was fitted with the experimental results that reached the smaller experimental
value of C NH] after five sequential repetitions. The optimization problem was defined
mathematically as looking for (minC,, Hy (x)), with the aim of finding an iteration batch
number needed to minimize the concentration using descent methods [37]. The optimum
conditions are achieved when the slope of obtained function becomes zero, i.e., df-dx~! = 0.
Given that Equation (3) is continuous, the tolerance of 1073 was set during d f-dx ! iteration.
The calculated sum of molar flow to batch number x" was applied in the batch reactor
where the combination with 1.5 percent of zeolite served to evaluate their effect on struvite
precipitation and ammonium sorption.

2.6.2. Combining Sorption and Desirability Approach

The approach consisted of further investigation of Mg:P and narrowed NHy*:PO,3~
ratios suitable for use after the molar adjustment of potential competitive ions with a proper
additional P dose. Under this three-level experimental design, the range of the investigated
NH,*:PO43~ ratio was 0.15-1.45, while Mg: P ranged from 1-2. In addition to P recovery
(RecP) and struvite precipitation (X-NHy*), the ammonium recovery (RecN) was included
in the output. The data were analyzed to meet the target of each output. The obtained
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values of factors with good desirability were used for the single batch reactor with and
without addition of zeolite.

2.7. Germination Tests

The germination tests were conducted during 14 days on cucumber (Cornichon de
Paris). The seeds were cultivated on humic soil that contained no fertilizer. The struvite
fertilizer was added considering the ratio of 3 g struvite per 500 g soil, as found in other
works [38]. The cultivated seeds were illuminated with a specific lamp (LED Secret Jardin
COSMORROW 20 W) and watered daily after 24 h. The germination rate and biomass
yield were used for the interpretation of the fertilizer efficiency. The harvested biomass
was dried and analyzed for elemental composition to assess nutrients’ uptake by plant.
The Transfer Factor (TF) was determined using Equation (4):

_ Gy

TF =

4)
where TF is the transfer factor, Cy is the content of the component in the dry weight of the
sprout (mg-kg™1), m,, is the mass of the plant (kg), Cr is the content of the component in
the fertilizer (mg-kg~!) and my is the mass of applied fertilizer (kg). The roots analysis was
conducted on a WinRHIZO Regular STD400 apparatus (Instrument Regents, Québec, QC,
Canada) according to the validated procedures [39].

3. Results
3.1. Characteristics of Zeolite Material

The XRF results of row, modified and ammonium contacted forms of zeolites are
presented in Table 2. The obtained XRF results are in agreement with other works in
regard to Al and Si as the main components of the zeolitic tuff [40]. The Mg?* sorption
occurs via ion exchange reaction mainly onto the internal porosity of zeolite and on the
external surface in the minority. The SEM-EDS (Figure 1a—d), at randomly chosen points
on the external surface, confirms lower magnesium content on non-treated zeolite than on
its Mg-form.

Table 2. XRF characteristic results for activated (z-Mg), raw zeolites and after ammonium contact.

z-Mg Raw after NH4* Contact
Compound m/m% m/m% m/m%
SiO, 64.22 68.30 59.53
Al,O5 8.39 14.28 8.01
KO 8.33 4.77 11.45
CaO 7.65 6.33 9.94
Fe;O3 4.96 2.70 490

Si
1000
‘g_ Element Mass [%] | Mass norm [%] | Atom [%]

© 300 Carbon 4.99 5.04 8.28
Oxygen 44.49 45.00 55.45
Aluminum 5.59 5.66 4.13
600 Silicon 36.60 37.02 25.99
Potassium 2.39 241 1.22
400 Calciu.m 1.77 1.80 0.88
Mag 0.43 0.44 0.36
Al Nitrogen 2.60 2.63 3.70

200

M
0 Kga
0 3 9
Energy

(b)

Figure 1. Cont.
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Si
1000
‘g_ Element Mass [%] | Mass norm [%] | Atom [%]

o 800 Carbon 4.36 4.35 7.18
Oxygen 45.24 45.20 55.95
Aluminum 6.02 6.02 4.42
600 Silicon 36.91 36.87 26.01
Pc i 2.48 248 1.26
Calcium 1.66 1.65 0.82
400 Wagnesium | 0.62 0,62 051
Nitrogen 0.17 0.17 0.15

200

o N
0 3 6

9
Energy (eV)

(c) (d)

Figure 1. SEM image of zeolite with magnesium mapping (a) and EDS (b) spectra, and their respective image (c) and spectra

(d) for Mg-form activated zeolite.

3.2. Sorption and Precipitation Results

The ammonium sorption characterization results obtained by the equilibrium exper-
iment for the natural zeolites and their modified form are presented on Figure 2a. The

values of g for ammonium uptake were 0.52 and 0.67 meq-g~" for natural and modified

sorbent material, respectively. Compared to non-activated zeolite, their Mg-form demon-
strated higher ammonium sorption capacity. In real solution with a high concentration of
monovalent ions such as sodium, and potassium using struvite precipitation effluent, the

ammonium sorption decreased up to 0.1 meq-g~!, which highlights the effects of other
cations on sorbent active sites. The comparison of those aspects is shown on Figure 2a.

s ® ‘-; fe=- 1.81Mg:1N:1P
Y e 1.21Mg:1N:1P
| ’..’- ,..’ ;1200_ i-.- hodoe 1.51M§:1N:1P
N T E
T ad @ Non modified(single ion) :IZEr 800 -
A Non modified (Multi ion)
@ Mg-Zeo (single ion 4
K- g (sing ) R 400 -
7 ..--""""'r..... "'-....
‘fw“ .'""""“lﬁaa::;:;;;.
0_
0 10 20 1 2 3. 4 5
Ce (meq-L'1) Gradient experiments
(a) (b)

Figure 2. (a) Ammonium sorption equilibrium results; (b) gradient ammonium removal.

For ammonium removal by precipitation, the gradient experiments in batch reactions
conducted at the same pH 8.9 with molar ratios of 1.21Mg:IN:1P, 1.51Mg:1N:1P and
1.81Mg:1N:1P are presented in Figure 2b. The experiments run up to five batches indicate
the ammonium decrease in every batch in descending manner. In comparison with other
investigated molar ratios for ammonium precipitation, the 1.51Mg:1N:1P gradient reached
the smallest ammonium concentration. This was chosen to find the relation by which an

iteration batch number significantly minimizing the concentration was estimated.

The obtained relation equation was y = 80.5 + 5908 exp(—1.60x) and the corresponding
x* =11 with a tolerance value € = f'(x*) =3 x 10~%. The latter was less than the set tolerance



Materials 2021, 14, 5822

8 of 16

limit (10~3). The data were used to estimate the total feed molar flows of dosage needed to
remove ammonium by struvite precipitation to the minimum concentration level. The total
dosage thereby obtained was applied in the reactor to 1 kg artificial and real Wastewater,
which indicated a P and ammonium recovery of 99.05% and 95.49%, respectively. The
effluent concentrations at equilibrium (Table 3) decreased from 444.79 to 4.21 mg-kg ™!
and 1869 to 84.60 + 7.63 mg-kg ! for P and ammonium, respectively. The addition of
zeolite up to 1.5% of the reaction volume improved the ammonium recovery to 97.44%. The
applied dose from the gradient descent optimization supplemented with zeolite enhanced
the equilibrium ammonium decrease from 84.4 to 48.7 & 7.63 mg-kg~!, while P kept a
significantly low value of 4.23 mg'kg_l, thus underlining the sorption of ammonium by
natural zeolite.

Table 3. P and other element concentrations in effluent, and the content of nutrients in the struvite-zeolite fertilizer.

Effluent Concentration Product Nutrient Content
[mg-kg—1] %

Sample Ca Mg P NH,* N P,0s5 K Ca Mg
GA 45.2 1322 4.21 84.6 +7.63 3.42 29.5 3.05 0.65 12.8
GAZ 62.4 1348 4.32 48.6 £ 7.61 2.02 20.7 2.53 0.85 8.81
GW 78.2 1048 5.81 73.8 =255 2.21 24.7 1.95 0.25 10.1
GWZ 68.8 1235 5.54 63.0 + 2.50 1.47 18.1 1.22 0.50 6.38
DA 45.2 282 5.41 184 +2.10 5.49 30.3 0.76 4.27 9.80
DAZ 62.4 293 4.80 176 = 1.70 2.74 26.0 0.32 1.58 10.6
DW 56.7 248 - 228 4+ 2.20 3.30 25.0 0.29 2.27 9.76
DWz 63.5 279 - 212 +£1.70 1.09 129 0.51 1.85 2.94

On the other side, the combination of the desirability approach and sorption with
the prior adjustment of struvite inhibitors (calcium) has achieved a dosage of 1.51:0.8:1
of Mg:NH4*":PO,3~ with a desirability of 0.77. The ammonium and P recoveries, and
ammonium content in struvite precipitate were 72, 99 and 6.02%, respectively. The addition
of zeolite enhanced ammonium removal, lowering its content from 184 to 174 mg-kg !
in the effluent. The advantage of this combination is the use of a smaller quantity of
the influent ammonium capable of favoring the product nitrogen content. Nevertheless,
the effluent ammonium concentration was higher than in gradient experiments due to
initial higher Ca: P mole ratio, thus affecting struvite precipitation. This was observed in
both artificial sample solution (DA, DAZ, and DAZ) and waste samples (DW and DWZ).
Nevertheless, the addition of zeolite decreases the fraction of NH;* and P in the products.
As a mitigation, the addition of zeolite was decreased from 1.5 to 0.75 percent for samples
DAZ and DAZ’, respectively. The comparison of ammonium removal is presented in
Figure 3a, while the experimental data on nutrients content are compared in Figure 3b. The
additional experimental data are presented in Tables A1 and A2 of the Appendices A and B,
respectively. The recoveries and effluent concentrations are presented in Table 3.

The significance of zeolite effect in ammonium removal is attributed to its sorption
properties to cations. In addition, these materials provide the surface area for reaction,
thus playing a role in crystal growth by lattice ions colliding on their surface area [41].
Considering the obtained removal efficiency in the batch mixture, the ammonium and P
are efficiently recovered and struvite produced using smaller molar ratios of NH,*:PO,3~,
and Ca: P. The Mg: P, therefore, had to be higher to enhance struvite supersaturation.

Upon gradient descent experimental investigation of ammonium precipitation, the
total feed mass balance was found with 0.05Ca: 1.51Mg:0.61 NH,*:1PO43~. Under these
initial conditions, ammonium and P were efficiently removed, rendering the process nexus
lifecycle and increasing productivity due to combined P and ammonium recovery. In
the counter approach of desirability with sorption process, the molar ratios were found
to 0.26Ca:1.51Mg:0.8 NH4*:1PO,3~. The lower NH,*:PO43~ molar ratio have been used
previously and enhanced both P and ammonium recovery by struvite precipitation [13]. In
this case, the necessity of a greater amount of magnesium becomes compulsory to maintain
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the thermodynamic equilibrium (IAP) of struvite and to achieve more ammonium removal.
This approach involved a smaller quantity of added salts. However, due to a higher Ca:P
mole ratio of 0.26, the ammonium in effluent was higher than for gradient experiments,
which used a quite lower Ca:P mole ratio.

—240 <
o =
'-é,180 g 30
120 S
c
Z 2 10
60 5
I z, 0L I k i b
0 .
GW DA DW S o‘?ov"ov” 3 &" F
m without Zeolite = with zeolite = P,0, (%) NH* (%)
(a) (b)
1000
< <80
2800 =
4
) 260
E 600 5
o = 40
400 g
20
200
o | o
GA GAZ DA DA
= C_NH/ uC_P ®m %N availability = %P availability

(©) (d)

Figure 3. Comparison of ammonium concentration in effluents obtained from (a) GA: batch applied from gradient with
artificial solution (GA) and real Wastewater sample (GW); batch applied from desirability approach with artificial (DA) and
real Wastewater (DW); (b) Nitrogen and phosphorus content in their experimental products without and with zeolite (GAZ,
GWZ, DAZ, DWZ); their nutrient availability in citric acid as concentration (c) after 2 h; and as % (d) of dissolved product.

3.3. Thermodynamic Aspect

The zeolite effect on equilibrium was assessed based on supersaturation ratio, with
the accountability of struvite precursors species at equilibrium (Table 4). The speciation
indicated different component species such as Mg?*, MgCl* and MgOH™*, which were used
to constitute the active molar fraction of magnesium [42]; the NH;* and NH3 were used to
constitute the ammonium molar fraction [43], while PO,3~, HPO,42~ and H,PO,~ were
used to find the molar fraction of orthophosphate as struvite precursors. The IAP and the
AG. demonstrated the difference for experiments upon zeolite addition. There is a slight
change of AG, which is due to the quantitative expressions involved in the estimation of
thermodynamic parameters. In fact, the effect encountered by zeolite addition enhances the
change of struvite spontaneity up to —0.4 and —0.11 KJ-mol~! for the effluents of products
GA and GAZ and DA and DAZ, respectively.
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The AG. in Table 4 highlights the enhanced trend to equilibrium energy (AG = 0) due
to the addition of zeolite. The positive effect is found on the final ammonium concentration
in the effluent, as described in Section 3.2. This is an advantage in the mitigation of the en-
vironment pollution caused by the excessive ammonium in struvite precipitation effluent.

Table 4. Stoichiometric matrix of the struvite components and species molar fractions at equilibrium of different experiments.

GAZ

Component Species Mg?* NHyt PO~ Na* K'Y Ca?* H* COs32- H,O ClI- GA o DA DAZ
(%)

Mg?* 1 46.72 5043 5153 51.52

Mg,CO52* 2 1 508 532 139 139

MgOH* -1 005 0.06 0.06 0.06

Mg?* MgCl* 1 1 1474 1587 1659 16.60

MgHPO, (aq) 1 002 005 020 0.18

MgCO; (aq) 1 2338 19.81 2123 21.25

MgHCO;* 1 1 1 1001 847 899 9.0

PO,3~ 1 007 006 0.09 0.09

HPO42~ 1 1 36.20 3159 48.06 48.13

H,PO,~ 1 2 023 020 030 0.30

MgPO,~ 1 141 152 057 057

MgHPO, (aq) 1 1 1 3356 3634 1381 13.84

CaHPO; (aq) 1 1 1 092 226 081 082

CaPO,~ 1 1 340 837 298 298

PO~ NaHPO,~ 1 1 1 18.09 14.46 25.12 25.02

4 KHPO,~ 1 1 1 468 409 618 6.19

K,HPOy (aq) 1 2 026 022 034 034

KH,POy (aq) 1 1 001 001 002 002

KPO,2~ 1 1 002 0.02 002 0.02

Na,HPO; (aq) 1 2 1.06 077 154 153

Na,PO,~ 1 2 003 002 004 004

NaH,PO; (aq) 1 1 003 003 005 005

NaPO42~ 1 1 004 004 006 0.06

NH,* 1 7631 7623 7612 76.12

NH,* NHj3 (aq) 1 1 23.65 23.66 23.85 23.85

CaNH;%* 1 1 004 011 003 0.03

I (M) 036 035 032 032

AG (Kj.mol 1) —587 —542 —9.66 —9.56

3.4. Characterization of Recovered P Products
3.4.1. XRD and SEM Results

The XRD and microscopic characterization of the precipitates indicates the high
crystallinity of the material. The orthorhombic structures in Figure 4 viewed in SEM are
struvite witness [44], thus confirming the P recovery product with high struvite content.

Furthermore, due to the excessive use of K;HPOy, in the reactor feedstock, the K-
struvite is predominant in all products of gradient experiments, while N-struvite is formed
at a lower extent. In fact, both forms exhibit closer lattice parameters that are hard to
distinguish. In the characterized products, the crystal lattice parameters of 31 Pmn21
space group were observed for all products. Small differences were found on the lattice
parameters a: 6.955, b: 6.142 and c: 11.218 A° for N-struvite crystals, while they were
a: 6.892, b: 6.166 and c: 11.137 A° for K-struvite. That makes their peaks overlay in the
XRD spectra. The two forms have their characteristic peaks at 15.9, 20.8, 21.5 and 31-32 6.
The XRD spectra of all products are presented in Figure 5. In correlation with the Table 3,
the diffraction peak intensity at 15.9 § increases with the nitrogen and magnesium content
accompanied by a potassium decrease in the product. The obtained descriptive properties
of the products are in agreement with previous crystalline studies for struvite [45]. The
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intensity decreases with the matrix effect as well as with the used method. The products
of gradient precipitation have a lower concentration of nitrogen and an increased con-
centration of potassium; thus, K-struvite is predominant in those products. In fact, this
is due to the high amount of K;HPO, used in the reactor. In contrast, the products with
influent components estimated by the desirability approach have a high nitrogen content,
highlighting a better formation of N-struvite. Moreover, in contrast to experiments without
zeolite, the crystals are more agglomerated on the zeolite material surface (Figure 4e,f). This
is enhanced by the area provided during crystal growth as well as the interaction between
struvite crystal lattice components with an active site of the magnesium homo-ionic form
of the sorbent materials.

cur |det mag m HFW  tit | WD

HY
15.00kV 6.4nA ETD 1000x 207 pym 0.0° 4.0 mm QAL HEkV

@@

HV curr det mag @ tilt | wD E— 40pm
1 2.00kV 0.10nA |ETD 1000x 207 pym 0.0° 4.0 mm N MAG: 1000x _HV: 15KV

© @)

(e) ()
Figure 4. SEM-EDS images for DA (a) and its elemental mapping (b); for GA (c) and its elemental

mapping (d); for GAZ (e) and its elemental mapping (f).
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Figure 5. XRD spectra for recovered products from artificial solutions with and without zeolite,

respectively.

3.4.2. Evaluation of Fertilizer Properties

In both production processes, the obtained material is rich in phosphorus (up to
30 percent of P,Os), nitrogen and potassium (Figure 3c). Furthermore, all of the product
nutrient release assessed in citric acid was effective in releasing nutrients in an efficient
manner (Figure 3¢,d). Additionally, the germination tests for DA and DAZ were successful.
The seeds germinated during two weeks, with an 88, 76 and 72% germination rate for the
trial fertilized with struvite, struvite with zeolite and control without fertilizer, respectively.

The results from the biomass of cucumber (Table 5) demonstrates that the application
of the new struvite-zeolite based fertilizer can significantly improve the nutrient content in
the harvest. Compared to the control test, macronutrients were more concentrated in the
biomass of fertilized trials. This difference highlights the quality of struvite to serve as a
source of plant nutrients. The magnesium uptake was nearly a thousand times higher in
fertilized trials than in control, which indicates the struvite benefits for crops. This effect
was previously underlined by other studies, where Mg and K play a potential role in the
regulation of cation-anion imbalance in plant cells [46].

Table 5. The results of nutrient uptake by cucumber fertilized with struvite fertilizer.

Element Content in Dry Biomass

Sample (mg-kg1) TF
N P K Ca Mg N P K Ca Mg
Struvite (DA) 442 1659 4819 20.71 8547 044 007 347 027 023
Str & zeolite (DAZ) 3.04 1498 3991 1949 8423 1.04 012 1.09 158 0.33
Control 286 1252 094 1412 8.61 - - - - -

The nutrients’” TF was also determined for fertilized treatments. The transfer of
elements to cucumber biomass depended on the chemical form of the nutrient supplied
in the fertilizer. In the case of potassium (K), the highest TF was achieved for the DA.
In case of other elements, the struvite combined with zeolite has demonstrated a better
TF. Moreover, the highest fresh sprout mass (88.70 g) was achieved in the DAZ group.
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The obtained sprout mass was about 96% higher compared to the DA (Table 6). For all
considered growth parameters, significant differences were observed between almost all
groups. Similar results were reported in other struvite application experiments [47,48].

Table 6. Biomass and roots properties.

Group Fresh Sprouts Mass  Dry Sprouts Mass Root Area Root Length Steam Length ~ Root Volume
[g] [g] [em?] [g] [g] [em?]
DA 45.14 £ 4.62 5.62 £ 0.42 8.43 £0.34 6.06 £ 1.44 3.03 £1.10 0.77 £0.12
DAZ 88.7 + 8.46 8.83 +1.11 13.46 £ 1.15 8.32+2.16 2.714+0.73 151 +0.24
Control 26.2 + 4.61 4.56 £ 0.43 11.24 + 0.94 4.66 +0.14 1.82 +0.46 718 £0.14

Considering the biomass study presented in Table 6, an inclusion of zeolitic material
to the soil improved the roots development of cucumber. It results from the induction of
aquaporin structure, which enhances water uptake and contributes to an increased amount
of fresh biomass harvested for trial fertilized by struvite combined with zeolite [49].

4. Conclusions

The improved struvite precipitation process identified in this work highlights the
use of smaller N:P and Ca:P mole ratios to avoid an excess of ammonium in the effluents
and struvite inhibition, respectively. The process effluent ammonium concentration was
increased from 84 to 184 mg-kg~! when the feed molar ratio changed from 1.51Mg:0.61
NH;*:0.05Ca:1P to 1.51Mg:0.8NH,4*:0.26Ca:1P, respectively. In both cases, the ammonium
removal efficiency was significantly improved by the combination with natural zeolite up
to 1.5 percent of the feed sample mass. Considering the economic aspect of the process, the
smaller N:P feed mole ratio combined with the sorption process required a smaller amount
of feed material in the reactor to efficiently recover P and ammonium with high struvite
content in the final product. The initially promising fertilizer properties were shown in
germination tests. The new formulation of struvite-zeolite demonstrated a significant
contribution to the plant mass. The obtained results can find practical application as an
environmentally friendly and economic method of struvite precipitation with both nitrogen
and phosphorus recovery.
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Appendix A
Table A1. Gradient Experiments.
Batch n° Mg:P NH4*:P Mg P NH4*
1 1.21 2.69 150 5.819 1278
1.81 1.0 311 0.792 320.5
2 1.21 1.0 179 2.057 338.7
1.51 1.0 281 1.479 316.5
1.81 1.0 251 5 149.51
3 1.21 1.0 108 15 170.27
1.51 1.0 194 5 143.28
1.81 1.0 261 4 118.61
4 1.21 1.0 132 66 112.25
1.51 1.0 231 8 103.78
1.81 1.0 281 5 82.60
5 1.21 1.0 80 63 78.37
1.51 1.0 238 12 61.42
f(x) y = 80.54 + 5908.25exp(—1.597x)
f'(x) Y’ = 11453.44exp(—1.597x)
#iteration CNH4* C’NH4* nNHg* nP nMg
0.104* 0.039* 0.044*
1 1276.455 2318.328 0.071 0.071 0.107
2 322.613 469.260 0.018 0.018 0.027
3 129.543 94.984 0.007 0.007 0.011
4 90.463 19.226 0.005 0.005 0.008
5 82.552 3.892 0.005 0.005 0.007
6 80.951 0.159 0.004 0.004 0.007
7 80.627 0.032 0.004 0.004 0.007
8 80.562 0.007 0.004 0.004 0.007
9 80.548 0.001 0.004 0.004 0.007
10 80.546 0.000 0.004 0.004 0.007
11 3x107%
Appendix B
Table A2. Three Level Design of Experiments.
Run n° Factors Effluent Inflow Outflow Yields
Mg:P N:P Eff (8 Pi NH4+(i) Pout NH4+(out) RecN NH4+ RecP
[%]
1 1.21 0.8 87.5 1252 581.76 7.28 162.68 72.8 4.8 98.6
2 1.81 0.8 90 1252 1054.44 7.06 521.32 70 5.72 99.2
3 1.51 0.8 77.5 1252 109.08 19.48 10.01 68 6.1 99.3
4 1.21 1.45 815 1252 1054.44  4.50 815.63 45.1 5.43 994
5 1.21 0.15 90 1252 581.76 9.13 157.04 924 1.21 97.3
6 1.51 0.15 775 1252 109.08  25.81 6.45 92.3 1.25 98
7 1.51 1.45 98 1252 1054.44 5.28 534.85 48.2 7.3 99.6
8 1.81 0.15 77.5 1252 109.08 19.84 6.50 882 0.0778 98
9 1.81 1.45 85.5 1252 581.76  14.97 135.50 33.1 7.35 99.6
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