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A B S T R A C T

Struvite is the preferred form of phosphorus recovery for fertilizer by chemical precipitation. The concentration of
phosphorus in rawwastewater from dairy processing is higher than acceptable values for prevention of water pol-
lution. Alongwith phosphorus, potassium and calcium are its main counterions with high concentration. Thus, cal-
cium phosphate salts are prompt to precipitate and decrease struvite production. The effect of such phosphate
counter-ions were optimized using design of experiments and desirability function to maximize both phosphorus
recovery and struvite production. Under optimum conditions, the yields were 98.6 § 1.1 and 85.7 § 2.5 percent
for phosphorus recovery and struvite precipitation, respectively. Factors optimization was achieved with desirabil-
ity D = 0.995. By in-vitro assay of nutrients release, the product demonstrated better phosphorus availability than
the one obtained with high calcium dose in reactor. The obtained molar ratios of dose can serve in wastewater
treatment coupled to phosphorus precipitation with a fertilizer value product.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Taiwan Institute of Chemical Engineers. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Phosphorus (P) fate has been a claim in environmental, economic
and agriculture domains [1]. The latter is reported among soil nutri-
ent depletion, a root cause of the decrease in crop production [2].
Water bodies and biota are facing eutrophication caused by excess of
phosphates from industrial effluents [3�6]. As mitigation measures,
the P recovery from wastewater is interesting thematic research in
agricultural, environmental and chemical engineering. The usual pro-
cess of P removal in waste water treatment plants (WWTP) involves
biological processes and chemical precipitation of inorganic P. The
latter is done by additional dosing of either iron or calcium salts
which precipitate P to iron and calcium phosphates [7,8]. In this
chemical process, the inorganic P is efficiently removed. Neverthe-
less, the salts thereby precipitated are of lower quality for use as P
fertilizer due to their lower P availability to plant [9]. Struvite is the
preferred form of P recovery for use as inorganic fertilizer considering
its provision of P and nitrogen in efficiently available form for plant
nutrition [10]. Struvite chemically named as magnesium ammonium
phosphate hexahydrate (MAP) is formed in a supersaturated aqueous
solution with Mg2+, NH4
+, and PO4

3- according to the reaction
described by Eq. (1).

(1)
Besides magnesium, multi-components aqueous matrices contain

more phosphate counterions able to pair with phosphate and form
less soluble salts [11]. This makes a counter competition with magne-
sium and ammonium during struvite precipitation with possibility of
its full inhibition [12]. Calcium effect was pointed out in several
researches where its high level favors precipitation of its salts includ-
ing calcium phosphate (Ca3(PO4)2, Ksp = 2.07¢10�33), hydroxyapatite
(Ca5(PO4)3OH, Ksp = 2.1¢10�58), octacalcium phosphate (Ca8H2

(PO4)6¢5H2O, Ksp = 1.12¢10�48), and dicalcium phosphate [13,14].
Though there are other phosphate counterions including aluminum,
copper, cadmium, iron and other multivalent metals, they are in trace
levels in milk processing effluents [15]. Thus, calcium at higher molal
concentration than magnesium remains the main phosphate counter
ion with high precipitation potential to inhibit struvite (Ksp =10�13.6)
in non-optimized conditions [16]. Shalaby et al. carried out Ca2+

removal prior to struvite precipitation for P recovery as struvite [17].
Moreover, Wang et al. studied the effect of ion molar ratios in P
removal where calcium increased the P recovery with adverse effect
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on fertilizer quality [18]. In non-optimized conditions, struvite may
be formed at an extent depending on its supersaturation level. How-
ever, the content in product is decreased by various multivalent met-
als. Marti et al. assessed struvite precipitation during anaerobic
digestion process where only 58% of struvite content was found in
product, the remaining being mainly amorphous calcium phosphate
salts [19]. Furthermore, struvite forms were alternatively discussed
for co-precipitation with K-struvite (Ksp = 2.4¢10�11) depending on
super-saturation of either ammonium or potassium with the possibil-
ity of formation of both compounds in solid phase [20]. On the other
hand, a number of researches was previously done on P recovery by
struvite precipitation from various wastes [21] including urine [22],
cow manure [23], and industrial waste water [17,24,25]. However,
researches on P recovery in form of struvite from dairy processing
wastes are limited. Moreover, dairy products are a major source of
calcium, thus the wastewater from milk processing has high level of
calcium and its removal for struvite production is an excessive work
and additional cost [26]. In this work, cheese production wastewater
(whey) was used to study the optimum pH and salts dosage for P
recovery as fertilizer with high struvite content. Several approaches
have been previously used including computation methods, as well
as experimental methods by factors optimization with one focus of P
removal [27]. This work aimed the use of multi-response optimiza-
tion of reaction conditions and the effects of foreign ions to recover P
with high struvite content from liquid whey. The resulting products
were evaluated for fertilizer quality using kinetic models based on in-
vitro nutrients release.

2. Material and methods

2.1. Chemicals and reagents

Magnesium sulfate, di-potassium phosphate, anhydrous calcium
chloride, sodium hydroxide, and ammonium chloride were used as
magnesium, P, calcium and alkali source, respectively. All reagents
with a purity 99.5% were obtained from Avantor Performance Materi-
als Poland S.A. Deionized water was produced in laboratory deminer-
alization system Millipore Simplicity UV (Merck, Germany). Nitric
acid (65%), hydrogen peroxide (30%), and sulphuric acid (>95%)
(Avantor Performance Materials Poland S.A., Poland) were used in
sample mineralization and cleaning materials. Multi-element stan-
dard (ULTRA Scientific, USA) was used for standard calibration in ICP-
OES analysis. Boric acid, mixed indicator of green bromocresol and
methyl red; mixt catalyst (K2SO4, CuSO4, Se, FeSO4), and hydrochloric
acid analytical weight for 1 L 0.1 N were used in total nitrogen diges-
tion, ammonium collection and titration, respectively.

2.2. Sample collection and analysis

Waste water from cheese production was collected from local fac-
tory of cheese production — The District Dairy Cooperative in Krze-
pice, Poland. Sampling materials were 5 L high density polyethylene
bottles cleaned with sulphuric acid and rinsed with de-ionized water.

2.3. Instrumentation

Sample mineralization was done by microwave digestion system
(Start D, Milestone) followed by multi-elemental analysis with induc-
tively coupled plasma optical emission spectrometer (ICP- OES Vista
MPX, Varian). The concentration of anions was determined by ion
chromatography (ICS-1100 Dionex Corporation). Kjeldhal digestion
and distillation units together with digital burette served for total
nitrogen sample digestion, ammonium distillation, and titration,
respectively. Total and organic carbon were analysed using macro
combustion analyser (Vario Macro Cube elementary analyser GmbH,
made in Germany). Precipitation experiments were conducted in
batch reactors equipped with 1 L beaker, water bath with tempera-
ture regulation (Type: PLWC 35S made in Poland), and up stirrer
(CAT-100, made in Germany) with time and stirring rate control set-
tings. Multifunction meter CX-705 Elemtron was used in pH mea-
surement. The X-ray refractometer (Empyrean, PANanalytical) and
scanning electron microscopy (SEM/Xe-PFIB Microscope FEI Helios
PFIB) were utilized for product X-ray diffraction (XRD) analysis and
imaging, respectively.

2.4. Procedure

The composite sample was characterized for total concentration
of elements using USEPA method 3051 and multi-elements analysis
by ICP-OES [28]. Since chemical precipitation involves only dissolved
inorganic P, all forms in sample were transformed into inorganic
form where, to dissolve organic fraction of P, the wastewater was
hydrolysed under reflux with hydrogen peroxide and hydrochloric
acid to have 3% of pure H2O2 and 10% of concentrated HCl [44]. The
experiments were conducted in batch reactors at room temperature
22 °C with variation of factors of pH, Ca:P, Mg:P and NH4

+:P. The
adjustment of pH was done using aqueous sodium hydroxide solu-
tion (6 M NaOH) and hydrochloric acid (1 M HCl) to exact pH § 0.1.
The molar ratio of calcium, magnesium and ammonium to P were
adjusted by adding the pre-calculated quantity of their solution to
samples to comply with molar ratio in design of experiments. In this
case, ammonium chloride (4 mol¢kg�1), dipotassium hydrogen phos-
phate (1 mol¢kg�1), calcium chloride (1 mol¢kg�1) and magnesium
sulfate (2 mol¢kg�1) were used. The 250 g of sample was brought to
400 g in reactor with deionized water after addition of all doses. The
stirring rate was set at 60 rpm, reaction time of 60 min, and 1 h for
liquid-solid phase equilibrium as described in other works [29,30].
Up to 2 mL sample was taken from liquid phase after equilibrium
using a syringe and filtered immediately using membrane syringe fil-
ter 0.45 mm diameter, weighed and diluted for analysis of P in efflu-
ent phase. The phases were separated by filtration with vacuum
pump and the washed precipitate was dried at room temperature.
Phosphorus in the effluent was analysed using ICP-OES; while ammo-
nium in dry precipitate was determined using EPA method 350.1
with modification. In summary for ammonium analysis, an aliquot
weight (0.1�0.3 g) of solid precipitate was steam distilled in alkaline
conditions, collected in boric acid containing mixed indicator, and
titrated with 0.1 N HCl. The dry solid for optimized and non-opti-
mized conditions were characterized using XRD and SEM following
non-destructive methods (EN-13925 and ISO 22309:2011) for char-
acterization of crystalline materials. Furthermore, the evaluation of
products as fertilizer was done in citric acid 2% adjusted to pH 6 with
KOH 5 N. In this case, 1 g of dry product was dissolved in 100 g citric
acid solution as per referred work [31]; up to nine measurements of
nutrients in each 0.22 mm dilute filtrate was done during two hours
with time of 0, 1.5, 3, 9, 15,25, 50, 80, and 120 min [31,32].

2.5. Data analysis

Experiments were conducted in three level experimental design
corresponding to low, middle and high levels coded by �1; 0; and +1,
respectively. The number N of experiments was reduced to
Box�Behnken design where N= 2k2 � 2k + cp, with cp, center point
replications, k is the number of factors [33]. Four factors were investi-
gated including pH, mixing molar ratio of Mg:P, Ca:P and NH4

+ excess
on magnesium. The latter was a multiplication factor to Mg:P dose.
The estimation of the pH range for experiments was based on sample
composition and common proton transfer equilibria of solution com-
ponents using their acidity constants. These include major conjugate
acid-base pairs such as (i) phosphate conjugate pairs: H3PO4/H2PO4

�

(pK=2.15); H2PO4
�/HPO4

2� (pK=7.20); HPO4
2�/PO4

3� (pK=12.0), (ii)
sulfate: H2SO4/HSO4

� (pK = �1.98); HSO4
�/SO4

2� (pK=1.55), (iii)
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carbonate: CO2/H2CO3 (pK=1.47); H2CO3/HCO3
� (pK = 6.35); HCO3

�

/CO3
2�(pK=10.3), and (iv) ammonia pair: NH4

+/NH3 (pK = 9.25)
[34,35]. The used molar fraction and proton dependent speciation
model (ai=f(H

+)) is given by Eq. (2).

ai ¼
Hþ½ �n�iK0 . . .Ki

Hþ½ �n�0K0 þ Hþ½ �n�1K1 þ Hþ½ �n�2K1K2 þ . . .þ Hþ½ �n�nK1K2 . . . :Kn

ð2Þ
In that regard, good conditions are alkaline with experimental pH

conditions of 8�11. Under these conditions, ammonium and HPO4
2�

are predominant with 10�90 percent of molar fraction in pH range
7.5�10, while PO4

3� is predominant at 7�80% in pH range of 11�13.
Thus, alkaline pH enhances supersaturation of P salts. In this context,
factors corresponded to the lower level (�1) of 8, 0.5, 0.25 and 1; the
middle level (0) was 9.5, 1, 0.625 and 2; while the high level (+1) was
11, 1.5, 1, and 3 for pH, Mg:P, Ca:P, and ammonium excess, respec-
tively.

To assess the efficiency of P removal, the percentage of P recovery
(X-Rec P) was calculated as fraction of feed P concentration which
was precipitated (X-Rec P (%) = 100 x (1-Pout/Pin)). Struvite produc-
tion was evaluated as a fraction of ammonium content (X-NH4

+) in
formed solid [36]. For both percentages of P recovery (X-Rec P) and
struvite precipitation, polynomial models (Eq. (3)) with linear (xi),
quadratic (xi2) and interaction (xixj) terms were used [33,37]. The
parameters b0, bi, bii, bij, and e are intercept, linear, quadratic, interac-
tions and error coefficients.

Y ¼ b0 þ
Xk
i

bixi þ
Xk
i¼1

biix
2
i þ

X
i< j

X
j

bijxixj þ e ð3Þ

Where two results were fractions of P recovery (X-Rec P) and stru-
vite formation (X-NH4

+), while independent variables are the experi-
mental factors of pH, Mg:P mole ratio, Ca:P molar ratios and NH4

+

excess. The optimization of two models, X-Rec P and X-NH4
+, was

based on maximizing desirability function d(yi) described in Eq. (4)
where Yi is a given specified response, Li is lower boundary, T is the
target response. Weight parameters, s, are found based on eigen vec-
tors of each response matrix [38,39]. By giving the same importance
to all responses, the overall desirability D is obtained as geometric
mean of each response desirability di in optimization process Eq. (5).

d yið Þ ¼ Yi�Li=T�Lið Þs ð4Þ

D ¼ d1 ¢ d2 ¢ d3 ¢ . . .dnð Þ1=n ¼
Yn
i¼1

di

 !1=n

ð5Þ

The closer to unit are di, the maximum will be D; otherwise any
null di makes null overall desirability [34]. On stoichiometric point,
the saturation index (SI) of possible P products was estimated from
concentration of components in solution based on ion pairing activity
products and the solubility products (Ksp) described in Eq. (6).

SI ¼ logIAP�logKsp ð6Þ
With IAP, ion activity product, estimated by IAP ¼QN

i
azii where ai is

activity of iterative ionic species i and corresponding stoichiometric
coefficient, zi [40]. Furthermore, in such multicomponent system, the
precipitation of phosphate by different other species follows mass
balance contribution where many compounds are assumed to co-
precipitate (Eq. (7)) [41].

TOTPO3�
4
¼ PO3�

4

� �þXN
i

vi;jZj ð7Þ

With TOTPO3�
4
, the total molal concentration of phosphate involved

in the reaction system; ½PO3�
4 �, phosphate concentration in solution,

and the sum of N molal concentrations (Zj) of phosphate binding
components with vi, stoichiometric coefficient that equals to the
number of moles of PO4
3� present in one mole of jth species. The

data from precipitation experiments were analysed using Design
Expert 12 software. In this tool, two responses were analysed and
optimized separately by maximizing them and keeping all other fac-
tors in the range. The multi-response optimization was done by max-
imizing both responses, minimizing errors and keeping all factors in
experimental range. On the other hand, Visual MINTEQ 3.1 was used
for stoichiometric methods in ion pairing, SI estimation, and specia-
tion of precipitate. The data obtained from experimental assay of
product quality as a fertilizer in citric acid were studied as kinetic
process. In this case, the release of nutrients in function of time were
fitted to dissolution kinetic models [42]. The latter are diffusion
dependent as described in Eq. (8).

�dC=dt ¼ Cs�Cð Þ=d ð8Þ
Where dc/dt is the variation of dissolved concentration over the

change of time, Cs is the saturation concentration, C is the concentra-
tion at time t, and d the thickness of solid�liquid interface diffusion
layer. The Eq. (8) is changed to rate constant (k) Eq. (9) which integra-
tion from 0 to C in time from 0 to time t gives an exponential function
(Eq. (10))

�dC=dt ¼ k Cs�Cð Þ ð9Þ

C ¼ Cs 1�e�kt
� �

ð10Þ

To assess the time required to reach a fraction of saturation,
Eq. (10) is adapted to time constant (t) expression (Eq. (11)).

C ¼ Cs 1�e�t=t
� �

ð11Þ

In fact, Eq. (11) considers the faster release in first step with lim-
ited time to saturation Cs and slow release in second step (-dC/dt = 1/
t¢C) where the first order process starts to be counted [43]. The con-
centration of dissolved nutrients varies with time, where the time, tx,
required to have C as fraction X of Cs can be estimated from Eqs. (11)
and (12).

tx ¼�t ln 1�Xð Þ ð12Þ
With tx in minutes, and X as a fraction number ranging from 0 to 1.

The t80 was used to assess the time required for a product to reach 80
percent of the maximum nutrient release and played a role in com-
parative evaluation of struvite production under this study and usual
chemical precipitation using calcium addition. The kinetic parame-
ters for Eqs. (10) and (11) were estimated by rate constant and time
constant exponential growth functions in originPro 2019.

3. Results and discussion

3.1. Characteristic results of whey

The analytical results of the sample for physical-chemical parame-
ters of interest are presented in Table 1 and served in estimation of
saturation indices (SI) for probable P precipitate. Trace elements
were considered as Zn, Tl, Si, B, Sb, Mo, Ba, Ti, Ag, Mn, Al. Their con-
centrations were between 0.01 and 2.6 mg¢kg�1. Heavy metals
included cadmium (0.002 mg¢kg�1), lead (1.08 mg¢kg�1) and chro-
mium (0.204 mg¢kg�1). The concentrations of other transition metals
were below limit of detection. The P concentration was higher than
acceptable limits of effluents [44], while heavy metals concentrations
are low and the wastewater can be used in P recycling [45].

In light of the elemental composition of wastewater, calcium,
potassium, and ammonium have higher molal concentration than P.
To find SI for P products to be formed by ion pairing with phosphate,
only elements with the concentration higher than 0.1 mmol¢kg�1

were used while those equal or below 0.1 mmol¢kg�1 were consid-
ered as traces. The latter have molar ratio on P near to zero thus with



Table 1
Elemental composition of waste.

Analyte Concentration Molar ratio to P

K (mg¢kg�1) 1640 1.87
Ca (mg¢kg�1) 1310 1.45
P (mg¢kg�1) 698 1.00
NH4

+ (mg¢kg�1) 600 1.48
Na (mg¢kg�1) 490 0.95
Mg (mg¢kg�1) 108 0.20
S (mg¢kg�1) 88.2 0.12
NO2

� (mg¢kg�1) 8.93 �
NO3

� (mg¢kg�1) 200 �
SO4

2� (mg¢kg�1) 0.75 �
pH 4.35 �
Density 1.02 �
Tot. N (%) 0.1 �
Tot. C (%) 1.81 �
Org. C (%) 1.21 �

Table 3
Experimental results of P recovery and ammonium content in solid phase.

Factors coded and actual in () Responses

nᴼ pH Mg:P Ca:P NH4
+excess X-Rec P (%) X-NH4

+ (%)

1 �1 (8) +1 (1.5) 0 (0.625) 0 (2) 76.6 4.50
2 0 (9.5) +1 (1.5) 0 (0.625) �1 (1) 94.5 4.13
3 +1 (11) 0 (1) 0 (0.625) +1 (3) 90.5 2.05
4 0 (9.5) +1 (1.5) +1 (1) 0 (2) 94.0 3.13
5 0 (9.5) �1 (0.5) 0 (0.625) �1 (1) 74.8 1.30
6 0 (9.5) 0 (1) 0 (0.625) 0 (2) 93.8 4.13
7 +1 (11) �1 (0.5) 0 (0.625) 0 (2) 76.3 0.56
8 0 (9.5) �1 (0.5) �1 (0.25) 0 (2) 72.3 4.29
9 �1 (8) 0 (1) 0 (0.625) +1 (3) 78.3 4.10
10 �1 (8) 0 (1) 0 (0.625) �1 (1) 72.3 2.91
11 �1 (8) 0 (1) +1 (1) 0 (2) 69.1 2.44
12 +1 (11) 0 (1) 0 (0.625) �1 (1) 94.2 0.44
13 0 (9.5) 0 (1) 0 (0.625) 0 (2) 96.0 3.24
14 +1 (11) +1 (1.5) 0 (0.625) 0 (2) 95.6 1.15
15 0 (9.5) 0 (1) 0 (0.625) 0 (2) 96.5 2.93
16 0 (9.5) +1 (1.5) �1 (0.25) 0 (2) 98.6 5.92
17 +1 (11) 0 (1) �1 (0.25) 0 (2) 97.3 1.32
18 0 (9.5) 0 (1) �1 (0.25) +1 (3) 97.6 5.60
19 0 (9.5) 0 (1) �1 (0.25) �1 (1) 97.7 4.38
20 0 (9.5) 0 (1) +1 (1) +1 (3) 93.0 2.20
21 0 (9.5) +1 (1.5) 0 (0.625) +1 (3) 96.4 4.88
22 �1 (8) 0 (1) �1 (0.25) 0 (2) 90.0 6.37
23 �1 (8) �1 (0.5) 0 (0.625) 0 (2) 59.8 1.95
24 +1 (11) 0 (1) +1 (1) 0 (2) 90.8 0.27
25 0 (9.5) �1 (0.5) 0 (0.625) +1 (3) 77.8 1.88
26 0 (9.5) 0 (1) +1 (1) �1 (1) 92.1 0.96
27 0 (9.5) �1 (0.5) +1 (1) 0 (2) 78.1 0.46

Table 4
Summary of parameters in experimental models.

Parameters /terms X-Rec P X-NH4
+

bi,j F-value P-value bi,j F-value P-value

Intercept �391 20 < 0.01 �26.5 17 < 0.01
pH +84.9 74 < 0.01 +7.31 70 < 0.01
pH2 �4.26 44.7 < 0.01 �0.45 17.6 0.01
(Mg:P) +93.9 103 < 0.01 +9.36 45.3 < 0.01
(Mg:P)2 �36.4 40.3 < 0.01 �0.99 0.10 0.76
(Ca:P) �59.2 10.1 <0.01 �19 87.4 < 0.01
(Ca:P)2 +2.67 0.07 0.8 +1.08 0.08 0.78
(NH4

+) +20.3 0.49 0.5 �0.45 11.2 < 0.01
(NH4

+)2 �1.04 0.53 0.48 �0.16 0.64 0.44
pH‧(Mg:P) +0.85 0.15 0.71 �0.65 2.96 0.11
pH‧(Ca:P) +6.34 4.62 0.05 +1.28 6.38 0.03
(Mg:P)‧(Ca:P) �13.7 2.42 0.15 +1.38 0.83 0.38
pH‧(NH4

+) �1.62 2.14 0.17 +0.07 0.14 0.72
(Mg:P)‧(NH4

+) �0.53 0.03 0.87 +0.08 0.02 0.88
(Ca:P)‧(NH4

+) +0.69 0.02 0.88 +0.01 0.00 0.99
R2 0.96 0.95
F 20 17
P <0.01 <0.01
Fcrit, a=0.05 2.53 2.53
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negligible contribution in phosphate precipitation. The obtained SI
values in relation to phosphate are presented in Table 2.

Considering the obtained SI, calcium and magnesium are the main
phosphate counterions with positive SI thus possibility of co-precipi-
tation. Furthermore, calcium phosphate salts have higher SI than
struvite. This suggests possible inhibition of struvite precipitation.
Thus optimizing struvite precursors in reactor is the main way of
overcoming more stable calcium phosphate precipitates. The design
of experiments aimed to overcome the effect of calcium and enhance
struvite precipitation at high concentration.

3.2. Results of experiments

The number of experiments was calculated to 27 runs. These
included 24 experiments and 3 replications of center point.

The studied factors in coded and their actual values together
with the results of P recovery, X-Rec P, and ammonium content,
X-NH4

+, in dry solid are presented in Table 3 while the resulting
experimental model parameters are presented in Table 4. Models
were fitted with determination coefficients R2 = 0.96 and 0.95 for
P recovery and struvite precipitation, respectively. Their F-values
were larger than critical value (Fstat > Fcrit) and p < 0.05 which
suggest their fitting significance. In addition, the difference
between adjusted and predicted R2 was smaller than 0.2 and
non-significant lack of fit (p > 0.05). In consideration of afore-
mentioned fitting parameters, the experimental models fulfil the
main criteria of usefulness in prediction of results of P recovery
and struvite precipitation.

Considering the effects, all factors are linearly significant in P recov-
ery and struvite precipitation (p< 0.05). By model reduction, the signifi-
cant interactions (p < 0.1) included pH¢(Ca:P) for P recovery (Fig. 1a)
where the increase of both pH and Ca:P enhances P recovery, while the
latter factor decreased significantly struvite production (Fig. 1b).
Table 2
Stoichiometric matrix of phosphate with its possible countercharge and related saturation index (SI).

Product Stoichiometry log IAP SI

K+ H+ Ca2+ Mg2+ NH4
+ PO4

3� H2O

MgHPO4¢3H2O(s) 1 1 1 3 �18.75 �0.58
K-struvite 1 1 1 6 �10.78 0.22
CaHPO4¢2H2O(s) 1 1 1 2 �18.24 0.76
Mg3(PO4)2(s) 3 2 �22.37 0.91
CaHPO4(s) 1 1 1 �18.22 1.05
Struvite 1 1 1 6 �11.23 2.03
Ca3(PO4)2 3 2 �20.85 8.07
Ca4H(PO4)3¢3H2O(s) 1 4 3 3 �39.10 8.86
Hydroxyapatite �1 5 3 1 �23.48 20.85



Fig. 1. Highlight of factors interactions on P recovery (a) and struvite precipitation (b).

Fig. 2. XRD spectra and corresponding SEM images (20mm scale, 2000�2500 magnifi-
cation) of crystalline aspect of recovered products A: Optimum for struvite precipita-
tion (X-NH4

+); B: Product of multi-response optimum conditions (Both X-NH4
+ and X-

Rec P); C: Product of optimum P recovery, and D: Precipitate at pH 8.9 without addi-
tional salt.
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The additional interaction of pH¢(Mg:P) was significant in struvite
formation. In fact, the increase of pH with Mg:P and Ca:P molar ratio
enhances P recovery.

With regard to calcium supply, the ammonium is precipitated
with decreased calcium dose. This suggests the lowered calcium
phosphate precipitation potential and the favor to its counterpart,
struvite. The rise in X-NH4

+ with Mg:P is due to the super-saturation
of struvite, which consequently increases its fraction in solid solution
(Fig. 1b). To find out the best process conditions, each of the obtained
models was optimized and three conditions are obtained. In fact, the
optimum reaction conditions to recover maximum P by precipitation
were found at pH 10.4 with Mg:P of 1.32, Ca:P of 0.77 and the ammo-
nium excess of 1.19¢Mg:P. The predicted percentage of P recovery is
98.7 § 1.2 percent. Following the used high Ca:P dose, the struvite is
decreased in formed P product. In fact, the proton transfer dynamic
equilibrium of ammonium estimated by Eq. (2) highlights the
decrease of ammonium and the adverse increase of ammonia form
(> 60 per cent) at pH 10.4 starting to evolve from the reactor in the
presence of strong base.

For struvite, the optimum X-NH4
+ is found at pH 8.3, with dosage

of 1.26, 0.25 and 1.84 as Mg:P, Ca:P and ammonium excess, respec-
tively. The P product is characterized with high content of ammo-
nium nitrogen which predicted X-NH4

+ was 6.6 § 0.2 percent,
equivalent to 90.4 § 3.2 percent of struvite. However, under these
process conditions the P is less efficiently removed from wastewater
estimated to 92 percent. In this regard, both P recovery and struvite
production were found under multi-response optimization of both
X-Rec P and X-NH4

+. This was achieved with overall desirability
D = 0.995 and optimum conditions of pH 8.9; molar ratios of 1.21,
0.26, and 2.22 for Mg:P, Ca:P, and ammonium excess, respectively. In
these conditions, P is efficiently removed and struvite produced
effectively. The predicted P recovery is 98.6 § 1.1 percent while pre-
dicted ammonium fraction is 6.3 § 0.2 percent equivalent to
85.7 § 2.5 percent of struvite content in the product.

The importance of the current work was relevant in struvite
enhancement during P precipitation. In fact, the mass contribution
balance Eq. (7) was implemented in Visual MinteQ 3.1 and demon-
strated the spontaneous precipitation of P in alkaline pH without
additional salts. However, the favored product is calcium salt of
hydroxyapatite thus without good quality for use as fertilizer. Two
operational conditions mitigate the struvite inhibition problem
which include struvite and multi-response optimum conditions
obtained in this study. Given that the solid phase speciation shows
mainly a binary solid mixture of struvite and hydroxyapatite, and the
predominant HPO4

2� species of P at pH 8.9, the favored equilibrium
reactions for struvite crystallization and the main amorphous salt can
be described by Eqs. (13)) and ((14), respectively.

Mg2þ aqð Þ þ NH4
þ
aqð Þ þHPO4

2�
aqð Þ þ 6H2O lð Þ fi MgNH4PO4 6H2O sð Þ þ Hþ

aqð Þ

ð13Þ



Table 5
Elemental composition of the products.

Elements Recovered P products

A B C

N (%) 5.40 § 0.2 5.00 § 0.2 1.40 § 0.2
P2O5 (%) 29.3 § 1.1 28.7 § 0.4 23.2 § 0.8
K (%) 0.80 § 0.1 1.00 § 0.1 0.70 § 0.1
Ca (%) 0.72 § 0.1 1.04 § 0.1 9.30 § 0.3
Mg (%) 9.60 § 0.1 9.40 § 0.6 2.60 § 0.5
Hg, As, Pb, Cd (mg kg-1) < 2 < 2 < 2

Fig. 3. In-vitro assay of nutrient release in citric acid (a): P release, (b) Mg release, (c):
Ca release and (d): NH4

+ release.
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5Ca2þ aqð Þ þ 3HPO4
2�
aqð Þ þ H2O lð Þ fi Ca5 PO4ð Þ3 OHð Þ sð Þ þ 4Hþ

aqð Þ ð14Þ

The formation of struvite and amorphous salt of hydroxyapatite is
in accordance with other works [46]. For comparative study, three
products were experimentally formed. These include the product A
produced under optimum conditions enhancing struvite crystalliza-
tion, product B formed in conditions of both P removal and struvite
production, and product C obtained in conditions of maximum P
recovery with high dose of calcium salts. In three production pro-
cesses, A was produced with P removal of 92 percent and 6.9 § 0.3
percent of ammonium content in precipitate i.e. 94.5 § 4.1 percent of
struvite crystallization. The production of B, improved the P recovery
with 96 percent and 6.5 percent of ammonium content in the product
equivalent to 89 percent of struvite content. The production of C, also
demonstrated a P recovery of 96 percent and lower content of ammo-
nium. The latter was 1.7 percent equivalent to 23 percent of struvite
content. In fact, C production involves high calcium dose in substrate
and is hereby considered as equivalent to applied processes of chemi-
cal precipitation with calcium addition for P removal in WWTP. The
Fig. 4. Comparison of (a) nutrient content in three phosph
deficit is the lower quality of precipitate in fertilizer (see Section 3.3).
Thus process conditions in A and B produce P products with both P
and nitrogen at higher concentrations. The application of process B is
effective in P removal and struvite precipitation from wastewater
containing high calcium concentration. The use of lower Ca:P com-
plies with previous research that recommended to keep Ca:P < 0.5
for the favor of struvite [16], and pH below 9.5 [47]. Compared to the
orus products, (b) nutrient availability (c) nutrient t80.



Table 6
Kinetic parameters of nutrient release.

Model Products Kinetic parameters Eqs. (10) and (11) Eq. (12) Time constante model
Cs[mgkg�1] k [min�1] R2 t t80

P release A 773 § 21 0.05 § 0.01 0.990 21.0 § 2 33.8 § 3.2
B 630 § 12 0.20 § 0.02 0.999 4.90 § 0.53 7.90 § 0.9
C 446 § 17 0.06 § 0.01 0.984 16.2 § 2.8 26.1 § 4.6

Mg Release A 576 § 18 0.05 § 0.01 0.995 19.9 § 2.1 32.0 § 3.5
B 416 § 4.0 0.25 § 0.01 0.999 4.10 § 0.2 6.50 § 0.3
C 322 § 12 0.07 § 0.01 0.994 14.1 § 2.3 22.7 § 3.8

NH4
+ release A 432 § 13 0.05 § 0.01 0.995 19.9 § 2.1 32.0 § 3.5

B 312 § 3.0 0.25 § 0.01 0.999 4.10 § 0.2 6.50 § 0.3
C 241 § 9.0 0.07 § 0.01 0.994 14.1 § 2.3 22.7 § 3.8

Ca release A 16.2 § 0.2 0.56 § 0.04 0.979 1.80 § 0.1 2.80 § 0.2
B 58.9 § 1.0 0.39 § 0.04 0.968 2.60 § 0.3 4.10 § 0.4
C 1130 § 41 0.07 § 0.01 0.981 14.2 § 2.4 22.9 § 3.9
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product C, the obtained products A and B are crystalline as viewed in
SEM (Fig. 2A�C). The orthorhombic structures of products A and B
are witness of struvite crystallization. The increased Ca:P affects crys-
tal morphology up to deformation (Fig. 2C, and D).

Moreover, the pattern with XRD struvite was found for both pro-
duction conditions of pH 8.3 (product A) and multi-response condi-
tions of pH 8.9 (product B) as shown on Fig. 2A and B, respectively. The
crystalline salts thereby formed were confirmed to be 100% struvite by
XRD characterization. In contrast, Fig. 2C as well as Fig. 2D show the
formation of amorphous phase predominant in solid product which
composition were not confirmed in XRD characterization. Further-
more, pH above 10 required high quantity of alkali addition to increase
pH due to buffering system in range of pH 8�10. The main buffer equi-
librium is ammonium buffer (NH4

+/NH3, pH = 8.2�10.2) with maxi-
mum capacity at its pKa nearly pH 9.25 following the addition of
ammonium to enhance struvite supersaturation [35]. Thus, the
decrease in ammonium at pH > 10 shortens struvite precipitation
while excess of the needed alkali renders the process more expensive.
When no acid digestion is used, the pH in production of A and B are
easier to achieve with small amount of alkali addition. Therefore, the
doses obtained in B can be coupled to wastewater treatment with
proper pH adjustment to favor struvite production.
3.3. Evaluation of product quality as fertilizer

Three products are compared for nutrient contents and their
availability for plant nutrition by in-vitro study. The elemental com-
position of dry products in three experimental conditions (A, B and C)
are summarized in Table 5. The high content in P and nitrogen for A
and B makes them better P fertilizers than C.

For evaluation of P availability to plant, the results from real time
measurements of in-vitro nutrients release in 2% citric acid with pH 6
are compared on Fig. 3a�d.

For three products, the nutrients release fit to exponential
increase of first order kinetic models including rate constant and
time constant expressions (Eqs. (10) and (11), respectively) which
parameters are presented in Table 6.

The product C was characterized by lower nutrients’ availability
where Cs of P, Mg, NH4

+ are significantly lower thus less available to
plant. The visible highlights on Fig. 3a�d are the benefits of struvite
production where nutrients are better released by A and B than C.
The latter is basically rich in calcium phosphate and is characterized
by low P availability. The former two products diffuse P, magnesium
and nitrogen to solution and reach higher Cs. The findings are in
agreement with products nutrients levels (Fig. 4a), where A and B are
characterized by higher P, magnesium and nitrogen contents. Besides
the high P availability (Cs) provided by A as shown on Fig. 4b, it has a
slow nutrient release properties than others. Considering t80, the
product A required longer time to release 80% of Cs. Fig. 4(c) shows
that t80 of P, ammonium, and magnesium release are significantly
higher in A than in other products.

The property of slow nutrient release was previously reported for
struvite and qualifies it as an efficient fertilizer [48]. However, the
higher efficiency in P removal can be achieved by production of B
which also demonstrated high nutrients’ availability.

4. Summary and conclusion

The recovery of phosphorus as struvite from dairy processing
wastewater was possible upon design of experiments and optimization.
The optimum conditions for both P recovery and struvite production
were found at pH 8.9 withmixingmolar ratio of 1.21, 0.26, 2.69 for Mg:
P, Ca:P and NH4

+:P, respectively. In these conditions, the phosphate
counter-charged elements that mainly included calcium have precipi-
tated with struvite at minimized level. The P is efficiently removed
with predicted and experimental removal of 98.6§ 1.1 and 96 percent,
respectively. The predicted and experimental struvite content in B was
85.7 § 2.5, and 89 percent, respectively. The product is rich in P and
nitrogen with their efficient release to plant nutrition. Furthermore, in
application of developed model, searching for cost and environmental
effective magnesium and ammonium sources are subsequent activities
of research in struvite production from dairy processing wastes.

Symbols

P: Phosphorus
MAP:Magnesium Ammonium Phosphate Hexahydrate
WWTP :Waste Water Treatment Plant
Ksp : Solubility product
ICP-OES: Inductively Coupled Plasma Optical Emission Spectroscopy
SEM: Scanning Electron Miscroscopy
XRD: X-Ray Diffraction
EPA: Environmental Protection Agency
IAP: Ion Activity Product
D: Desirability
CpS: Counts per Second
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