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Abgract. This work reviews the main methods of
nitrogen and phosphorus removal from wastewater. The
method of simultaneous removal of highly concentrated
nitrogen and phosphorus was analyzed by physical and
chemical precipitation, forming struvite, a by-product of
magnesium ammonium orthophosphate hexahydrate.
Laboratory investigations were conducted on the test
solutions with the concentrations of ammonium nitrogen,
phosphates, ions of magnesium and calcium correspon-
ding to the ones of relevant elements in wastewater of
swine complexes located in Lviv region, Ukraine. The
analyses were done at various molar ratios of magnesium
and phosphate ions and at various pH values. The
comparative thermal analysis of chemical precipitation
products and pure struvite was performed. The optimal
conditions were identified to experience the maximum
efficiency of simultaneous removal of ammonium
nitrogen and phosphate ions from wastewater, forming
MgNH,4PO,6H,0. Recommendations on the use of the
obtained product asafertilizer were elaborated.

Keywords: nitrogen, phosphorus, physical and chemical
precipitation of magnesium ammonium orthophosphate
hexahydrate (struvite), fertilizer, thermal analyss.

1. Introduction

Excessive nitrogen and phosphorus that enters
natural water bodies from wastewater can lead to
eutrophication — a rapid growth of algae causing an
imbalancein the ecological system of awater body [1].

In Ukraine, particularly in Lviv region, the largest
sources of nitrogen and phosphorus pathways into surface
water are agriculture (fertilizers, manure, sewage) [2], and
municipal wastewater. Especially difficult is a situation
requiring wastewater, having high concentration of
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ammonium nitrogen, phosphates and organic matter from
swine complexes equipped with wash water of manure
disposal, to be discharged into open water bodies.

In view of a tendency for a sharp increase in the
number of swine complexes, a burning question arises as
to reduction of a load on the ecosystem by introducing
new cost-effective technologies for wastewater treatment
of nitrogen and phosphorus. At present a lot of methods
for removing nutrients from wastewater are known. For
removal of nitrogen compounds, most often a biological
treatment method is employed [3], in which the extraction
of free nitrogen is facilitated by bacteria. Wastewater
treatment of phosphates requires both biological methods
with the use of phosphate-accumulating organisms and
non-biological methods, including  precipitation,
coagulation, flocculation, and separation [3-4].

Despite their widespread application, the methods
described have certain disadvantages. Nutrient removal
requires significant energy costs for bacterial viability. In
the case of chemical precipitation of phosphates, inert
compounds are formed with no further use.

In the recent years, the method of chemica
precipitation for treating nitrogen and phosphorus-
containing wastewater has been most widely used [5-11].
The product of precipitation is magnesium ammonium
orthophosphate hexahydrate MgNH4PO,6H,O (struvite)
[12]. Struvite is a soft crystalline substance consisting of
magnesium, ammonium and phosphorus in equal molar
concentrations [13].

Magnesium ammonium orthophosphate hexahyd-
rate forms according to the reaction shown below [14]:

NH4 "+ Mg? + PO, + 6H,0 = MgNH,4PO,-6H,0]
pKs=12.6 (298 K)

Struvite is a soft mineral with Mohs hardness from
15 to 2 and low specific gravity of 1.7. It is readily
solublein acid [15].

Struvite can be used as a concentrated fertilizer
containing three nutrients at the same time. Due to the
presence of water-insoluble nitrogen, it is distinguished
with its permanency. Magnesium ammonium orthophos-
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phate can be used for manufacturing foam extinguishers
and in metal phosphate coating.

As the amount of swine complexes tends to
increase in Ukraine, the purpose of the work has been to
develop the method for treating high-strength wastewater
from ammonium and phosphate ions with the obtaining of
struvite. This was confirmed by performing the complex
thermal analysis of precipitation products of test swine
wastewaters.

2. Experimental

To maintain the experiment integrity, it was
decided to conduct investigations on test solutions. This
allowed eliminating the effect of suspended particles,
organic matters, proteins, fat, and metal ions, which are
present in the redl-life piggery wastewaters, on struvite
formation. A wastewater sample was taken in September
2015 from the drains of the two active pig farms located
in Zolochiv district, Lviv region, Ukraine. As sampling
was completed, the samples were stored at 280 K for 24 h
in a 2| glass vessel for the sedimentation of solid
particles. After sedimentation, aliquots were collected at
the top of the vessel and then passed through a vacuum
filter. The analyses were made according to the proce-
dures[16-18]. The analysis results are shown in Table 1.

A more detailed chemical analysis of wastewaters
for the presence of other elements except Ca®* ions was
not conducted as their effect on struvite formation is
negligible[16].

Swine wadstewaters had a large excess of
ammonium nitrogen while the content of Mg®* ions was
not enough for the formation of struvite. The Mg:P initial
molar ratio of swine wastewater | was 0.94:1 and of swine
wastewater I1, 0.87:1.

For running the investigations, the test solutions
were prepared, whose compositions corresponded to those
of actual piggery wastewaters. Concentrated solutions,
including ammonium chloride (NH4Cl) with the NH4-N
concentration of 5500 mg 1™, sodium hydrogen phosphate
(NaHPO,) with the PO,*-P concentration of 9500 mg 17,
magnesium chloride hexahydrate (MgCl,-6H,0) with the
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Mg concentration of 2400 mg|™, calcium chloride
(CaCl,) with the Ca?* concentration of 2800 mg™, were
used for the preparation of the test solution. The standard
solutions were prepared by using chemically pure
reagents.

The investigations were carried out at a room
temperature using the method of chemical precipitation.
Precipitation was performed in 100 ml glass flasks. The
solution  of  magnesium  chloride  hexahydrate
(MgCly6H,0) with the Mg?* concentration of 2400 mg:I™
was used as precipitant. For identifying the optimal
conditions of precipitation of ammonium nitrogen and
phosphates, the investigations were performed at various
Mg:P molar ratios of 1:1, 1.1:1, 1.2:1, 1.3:1, and 1.4:1 and
at variouspH 7, 8, 9, 10, 10.5, and 11 of the reaction mass
which was determined by adding 10% NaOH. The pH of
the reaction mass was measured through the pH meter
Hach Senslon 2 dectrode 51935-00.

The reaction mass was mixed at 350rpm for a
1-minute period (rapid mixing, reaction time), then at
20 rpm for 30 min (slow mixing, formation of flocculi).
The obtained suspension was sedimented for 1 h. After
that, the suspension was filtered through a blue ribbon
ashless filter. The resulting filtrate was analyzed on the
content of residual ions using the photoel ectrocol orimeter
FEC-56 M according to the procedures for photometrical
determination of ammonium ions by Nesser's reagent in
wastewater (KND 211.1.4.030-95) [17] and photometrical
determination of phosphate ions in wastewater (KND
211.1.4.030-95) [18]. The product of physica and
chemical precipitation has been formed as fine solid-phase
particles. It resembles a white finely dispersed powder.
High dispersty of the product under investigation is
ascribed to its precipitation conditions [19].

The thermal analysis of precipitation products was
done on a Q-1500 D derivatograph of system F. Paulik,
J. Paulik and L. Erdey by registration of both an analytical
signal of mass loss and thermal effects via the computer.
The samples were analyzed in a dynamic mode at the
heating rate of 10 K/min up to 1073 K under atmosphere
of air. The weight of the samples was equal to 200 mg.
Al>,O3 was used as a standard.

Tablel
Concentration of pollutantsin wastewaters
of thereal-life pig farms
Name pH Mg”, mg™ NH,"-N, mg-™ PO,%-P, mg!™ ca®, mgl™
Swinewastewater | 7.1 49.1 320.6 67.2 139
Swinewastewater |1 6.9 54.3 1804 79.1 146
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3. Results and Discussion

3.1. Analysis of Chemical Precipitation
Results

For the identification of optimal parameters of
simultaneous removal of nitrogen and phosphorus from
the test solutions, a series of investigations were
undertaken at various values of pH and Mg:P molar ratios.
The efficiency of nitrogen and phosphorus removal was
established by the rdation (1):

a -a,

j = x100% 1)

j
where a j indicates the initial concentration of ions in

water; a, is the concentration of residual ions after the

formation of struvite.
The objective of investigations was to identify
conditions under which phosphateions are maximally
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Fig. 1. Concentration of PO,*-P after predipitation in the test
solutions A (swine wastewater 1) at various pH vaues
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Fig. 3. Concentration of NH,"-N after precipitation in the test
solutions A (swine wastewater 1) at various values of pH
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removed from wastewaters, featuring simultaneous removal
of a certain amount of NH,4™-N ions necessary for struvite
formation. Wastewater containing NH,™-N ions could be
further treated with the use of biological methods.

As shown in Figs. 1-4, the experimenta
dependencies of residual ionic concentrations on pH
solutions were obtained at various Mg:P molar ratios. For
each cluster of points the polynomial trend lines were
plotted, displaying the average residua ionic concent-
rations at different pH values\

The maximum efficiency of removing phosphate
ions (96.6%) from the test solutions A (Fig.1l) is
observed at the pH of 9 and the Mg:P molar ratio of 1.4:1.
During chemical precipitation, the PO,>-P concentration
is decreasing from an initial value of 67.2 mgl™ to the
residual one of 2.3 mg™.

The maximum efficiency of removing phosphate
ions (94.7 %) from the test solutions B (Fig. 2) equas to
the pH of 9 and the Mg:P molar ratio of 1.4:1. The
PO,”-P concentration during removal is dropping from
79.1t0 4.2 mgl™.
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Fig. 2. Concentration of PO,-P after predipitation in the test
solutions B (swinewastewater I1) at various pH values
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Fig. 4. Concentration of NH,"-N after precipitation in the test
solutions B (swine wastewater 11) at various values of pH
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The experimental data obtained revea that the
maximum removal of phosphate ions correlates with the
pH of 9-10. A further increase in the akalinity of a
medium is not preferable. This can lead to the release of
NH3z known as air pollutant. Apart from this, highly
alkaline wastewaters are not used as nitrogen-rich
fertilizers for theirrigation of fields.

The increase in magnesium ions in the test
solutions promotes a rise in PO,*-Premoval efficiency at
any pH values. Thus, at the pH of 9 the increasing content
of magnesium ions in the test solution A enables the
resdual ionic concentration to be decreased from 22.1
(MgP = 1:1) to 23mgl* (MgP = 14:1). The
concentration of PO43’ -Pinthetest solution B at the pH of
9 appears to fal from 16.2 (Mg:P = 1:1) to 4.2 mgl™
(Mg:P=14:1).

The increase in akainity and the content of
magnesium ions similarly affects the removal of
ammonium nitrogen from the test solutions. However, the
removal efficiency of NH,;-N at the pH of 9 and 10 is
much lower than that of PO43“ -P at the same values of pH
(Figs. 3and 4). A reasonable explanation to this is a great
excess of ammonium nitrogen with respect to phosphate
ionsin theinitial test solutions.

The maximum recovery of ammonium nitrogen is
achieved at the pH of 9 and the Mg:P ratio of 1.4:1. For
the test solution A, it amounts to 10.3 % and for the test
solution B — to 21%. Hence, during chemical
precipitation the concentration of NH4-N in the test
solution A is decressing from initial 320.6 mgl™ to
remaining 287.5 mg:I™ while in the test solution B — from
initial 180.4 mg:1™ to remaining 142.6 mg-1™.

Hence, the objective set for the investigations is
attained. The maximum removal of phosphate ions with
the partial removal of NH,"™-N ions is achieved. Since the
removal efficiency of ammonium nitrogen is quite low, it
seems reasonable to use the proposed chemical
precipitation technique in combination with other methods
of wastewater treatment, for example with biological
treatment. The application of biological wastewater
treatment makes sense if the concentrations of ammonium
nitrogen are less than 150 mg-l™ [20]. As the NH,"-N
concentration increases, the rate of biochemical oxidation
of pollutants is decreasing and biological treatment of
wastewater in general isinhibited. That is why, when the
initial concentration of NH,"-N ions is over 150, these
ions are additionaly diluted with other domestic sewage
prior to biological treatment in order to make NH4 -N
concentration lower than 150 mg:I ™.

The devised technique ensures more efficient
(>94 %) simultaneous recovery of phosphate ions and less
efficient (10-20 %) recovery of ammonium nitrogen. A
greater amount of magnesium ions in the initial test
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solution A in comparison with the initial test solution B
gives rise to a more effective recovery of phosphate ions
from this solution and produces better conditions for
struvite formation. The maximum recovery of ammonium
nitrogen and phosphate ions from the test solutions A and
B is observed when the pH of 9-10 is reached, under
which conditions struvite is minimally soluble.

The investigation results showed that the optimal
Mg:P ratio for struvite formation is of 1.4:1 while struvite
contains these elements in equal quantities. A required
excess of Mg® ions can be explained by a possible
occurrence of by-products from chemical precipitation in
the presence of the ions in question, particularly of
magnesium hydroxide.

3.2. Thermal Analysis of Precipitation
Products

For conducting the thermal anaysis the chemical
precipitation products of the test solution A were taken.
They were produced under the most optimal conditions of
srtuvite formation — at the Mg:P ratio of 1.4:1 and at
various pH values of 7, 9, 10.

The differences in the chemical compasition of the
chemical precipitation products were confirmed by the
investigation of their thermal stability, as compared to the
stability of a chemically pure crystaline
MgNH4PO,6H,0 (Sigma-Aldrich, 99.997 %).

The thermogram recorded for a pure crystalline
hydrate sample is depicted in Fig. 5. It includes the TG,
DTG, and DTA curves. The TG and DTG curves
represent the mass loss of the sample when heated and the
rate of mass loss. The DTA curve refers to a variation in
the temperature difference between the sample and the
standard substance and describes the value and type of a
thermal effect.

Thermolysis of the pure crystalline sample occurs
in three stages. The first stage takes place in the
temperature range of 293473 K. It is accompanied by the
intensive mass loss (Dm = 44.02 %), corresponding to the
decomposition of six molecules of crystal-bonded water
given by the reaction:

MgNH4PO46H,0 — MgNH,4PO, + 6 H,0
Within this temperature range the DTA curve

exhibits the endothermic effect with the maximum at
422 K.

The second stage of thermolysis occurs in the
temperature range of 473-608K, followed by the
appearance of the endothermic effect on the DTA curve
with the maximum at 513K. The weight loss
(Dm = 6.92%) at this stage is ascribed to the release of
ammonium by the following reaction:

MgNH4PO, — MgHPO, + NH3
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The third stage happens in the temperature region
of 608-946 K, exhibiting the decomposition of hydrogen
phosphate magnesium into pyrophosphate and water by
the reaction:

MgHPO,— %2 M@,P,0; + 12 H,0

This process is accompanied by a gradual weight
loss (Dm = 3.67 %) and by the appearance of endothermic
effect on the DTA curve. The total sample mass |0ss upon
decomposition is 54.61 %.

Figs. 67 show the comparison of
thermogravimetric (TG) curves with that of differential
thermogravimetric (DTG) of both chemical precipitation
products at the pH =7, pH = 9, pH = 10 and the sample of
pure crystalline hydrate MgNH4PO,6H,0. Table 2

MgNH,PO, 6H,0 includes the results of the TG curves processing.
Table 2
Results of ther mogravimetric analysis of the chemical precipitation products

Sample Stage Temperature range, K Massloss, %
1 293473 43.24
H=7 11 473-613 6.08
P i 613-913 265
1l 293913 51.97
1 293473 4177
H=9 11 473-633 9.06
P i 633-993 2.05
I-111 293-993 52.88
1 293-493 42.66
- 11 493-613 4.33
pH =10 T 613913 1.73
I-111 293913 48.72
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Fig. 6. Comparison of the TG curves of the chemica
precipitation products with crystalline hydrate
M gN H4PO4'6H20

A similarity of the TG and DTG curves for the
products of chemical precipitation and pure crystalline
hydrate indicates that they resemble each other in their
chemical composition. The chemical precipitation
product at the pH of 9 seems to bear the closest
resemblance to the sample of pure crystalline in terms
of mass loss and total mass loss upon completion of
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Fig. 7. Comparison of the DTG curves of the chemical
precipitation products with crystalline hydrate
M gN H4PO4'6H20

the process. Partial unconformity of mass losses
between this sample and MgNH4PO,4-6H,0 at various
stages of thermolysis (Table 2) indicates that a small
amount of impurities such as magnesium hydroxide
and Ca-phosphates might exist in this sample. A
thermogram of the precipitation product at the pH of 9
ispresented in Fig. 8.
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Fig. 8. Thermogram of the precipitation product at pH =9

Based on the data obtained from the thermal analysis,
one can assert that the presence of the Ca® ions in the
samples does not dgnificantly affect the formation of
struvite. This can be explained by the fact that the Mg?* ions
kinetically suppress the formation of Ca-phosphates[21-22].

4. Conclusions

The applicability of the chemical precipitation of
ammonium nitrogen and phosphate ions as a dightly
soluble, finely dispersed compound called struvite
(MgNH4PO,6H,0) was proved. The investigation results
of the test solutions, the chemical composition of which
conforms to that of swine wastewaters, revealed that the
pH vaues of 9 and 10 correspond to the maximum
recovery of phosphates ions. A further increase in the
alkalinity of the medium is not preferable. Thiscan lead to
the release of NH3 known as air pollutant. The maximum
recovery of ammonium nitrogen is achieved at the pH of 9
and the MgP ratio of 14:1. Struvite synthesis
demonstrates that ammonium nitrogen is not completely
released. For the wastewater post-treatment from this
pollutant, it is feasible to use the methods of biological
treatment. The behavior of resulting precipitate when
heated alows for the conclusion about the product’s
stability in the temperature range (273-343K) of its
industrial application as a compound fertilizer. Thus, the
product of wastewater treatment can be used on an
industrial scale. High dispersity of the product formed
facilitates the processes of drying and granulation.
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OYHNIIEHHS BUCOKO3ABPYJIHEHUX CTOKIB
CBUHO®EPM BIJ] MOHIB AMOHIIO
TA ®OCDPOPY I3 OTPUMAHHSAM
BUCOKOJUCIHEPCHUX YACTOYOK CTPYBITY.
TEPMIYHU AHAJII3 TPOAYKTIB OCAJIKEHHS

Anomayin. B pobomi posensinymo ocHo6Hi Memoou 6uy-
uenns cnoayk Himpoeeny ma @ocghopy i3 cmiunux 600. Ilpoana-
N308aHO MeMOO 0OHoUacHo20 sunyuenns Himpoeeny ma ®ocgopy
¥V GENUKUX KOHYEHMPAYISX BHACTIOOK QI3UKO-XIMIYHO20 0CAOICEHHS
3 YMBOPEHHAM NOOIYHO20 NPOOYKMY MASHIIO-AMOHII0 opmoghoc-
Gamy, max 38anoco cmpysimy. Jlabopamopui OocniodicenHs
nPOBOOUTUC, HA  MOOETbHUX PO3HUUHAX, 6 AKUX KOHYeHmpayis
amoHitl-, MmaeHil, Kamyit- ma gocgham-iionie  gionosidana
KOHYEHMpayii 6iON0GIOHUX eleMEHMI6 8 CIOKAX C8UHOKOMIIEKCIE,
posmiwgenux 6 Jlvgigcokill oonacmi Yipainu. Ananizu nposoounucs
npu pizHOMY MOJSIPHOMY CHIGBIOHOULEHHI TIOHI8 MacHiio | ghocgham-
tionie ma snauennsix pH. I[lposedenuii nopigHsibHuti mepmiuHuii
auaniz npooyKmie XiMiuHO20 OCAOJCEHHsI MA YUCMO20 CMpPYGimy.
Bmanoeneni onmumanvui  ymoeu, 3a AKUX CHOCMEPieacmucs
MAKCUMATLHA — eDeKMUBHICIb — OOHOUACHO20 — BUTYYEHHA  UOHIG
amoHito  ma  ocam-iionie 3 cmokie 3 YMEOPEHHAM
MgNH,PO, 6H,0. Pospobneni pexomendayii wo0o 3acmocysants
OMpUMAHO20 NPOOYKMY SIK MIHEPALbHO20 006puUsa.

Kmrouosi  cnosa.  Himpocen, QDocghop,  pisuxo-ximiune
0Caddicentst, MazHilo-amoniio  opmogocgam (cmpysim), 006puso,
TEPMIYHULL AHAT3.



