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Abstract: The impact of nutrients on the environment, particularly on water bodies, has led to ex-
tensive studies for nutrient control. Within this context, studies have been focused on source sepa-
ration of human urine from domestic wastewater to recover nutrients. Potassium is one of the most
important components of human urine. However, data on potassium removal or recovery are quite
limited except for some indirect information through use of zeolites for mostly ammonia removal.
Potassium struvite or K-struvite (MgKPO4+6H20) is a sparingly soluble salt belonging to struvite
and has the potential of being used as a means of potassium and phosphate recovery from segre-
gated human urine. This study aimed to assess the potential of K-struvite precipitation for control
and recovery of nutrients. Within this context, K-struvite precipitation experiments were performed
on both synthetically prepared samples and synthetic human urine solution to determine effect of
operation parameters i.e. pH, stoichiometry, and temperature on potassium recovery performance.
Results indicated that process performance as well as type of solid phases co-precipitated with K-
struvite were closely related to initial potassium concentration, pH and reaction stoichiometry. At
pH 10, the potassium recovery efficiency was maximized up to 87% by application of 100% excess
dose of Mg and P for both synthetic samples and synthetic human urine solution. On the other hand,
application of excess dose of K did not provide any improvement in K recovery efficiency. The effect
of temperature on solubility of K-struvite was insignificant at the temperature of 24-90°C. Solid
phase analyses confirmed that K-struvite was co-precipitated with either Mg3(POa),
MgNaPO+7H20, or MgHPO4+7H20 depending on pH and stoichiometry instead of a pure com-
pound.

Keywords: human urine; K-struvite precipitation; nutrient recovery; operation parameters; solid
phases

1. Introduction

Magnesium ammonium phosphate (MgNH4PO4-6H20; MAP), a member of struvite
family, has been used with success for nitrogen removal and as a means of nutrient recov-
ery. MAP precipitation has a wide area of application such as source separated urine [1-
4], anaerobic treatment discharge [5], as well as a number of industrial wastewaters
among them are leather tanning [6-10], slaughterhouse [11], animal husbandries [12], tex-
tile printing [13], landfill leachate [14-16], even membrane process concentrates [17]. This
has led to the scientists to the other recoverable nutrient, potassium which is also abun-
dant in source-separated urine. The struvite family of compounds also includes magne-
sium potassium phosphate (K-struvite), a sparingly soluble salt, which has been consid-
ered as a potential method for potassium removal and recovery. Potassium is also a valu-
able nutrient and can be recovered from the source separated urine [18-20]. MAP precip-
itation is relatively easy to conduct due to two reasons. The first reason is its low solubility
with respect to K-struvite and the second is the two major co-precipitating solids;
Mg(OH)2 and Mg3(PO4)2 can be avoided at the optimum pH of around 9.5 of MAP [21]. K-
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struvite precipitation suffers from both higher solubility and unavoidable co-precipitates
which make the process a less efficient one with respect to MAP precipitation. Theoretical
assessment of the process is not easy, and determination of thermodynamic constants is
still on the way. Struvite type of compounds has the general formula of M>*N*xOsnH20,
where M?: Mg or Ca; N*: K, Rb, Cs, Tl, or Na, NHj; x: P or As, and n=6-8. Additional
information about these compounds can be found elsewhere [22-24]. K-struvite
(MgKPO4+6H20; MPP) is a member of this family. MPP is also a sparingly soluble salt, but
its dissolution is not congruent. Because it cannot be precipitated as a pure compound,
but rather as a mixture of other sparingly soluble solids in urine and other sodium con-
taining solutions. For the case of source separated urine co-precipitating solids are MPP
and magnesium sodium phosphate (MgNaPO:-7H20; MSP). The exact solubilities of both
co-precipitates are not known. For MPP, pKsp values are given as 10.6 [25], 11.7 [26], and
12.2 £ 0.253 [27]. These figures exhibit a wide range. For MSP, Xu and co-workers [27]
calculated the pKsp as 11.6 + 0.253 which is within the range of pKsp values of MPP indi-
cating close Ksp values for MPP and MSP. So, they inevitably precipitate together. As the
pKsp of MAP 13.26 [28,29], existence of ammonia inhibits the MPP precipitation. There-
fore, studies in the literature were conducted on synthetically prepared urine that does
not contain ammonia or real urine pre-treated to remove ammonia [24,27,30,31]. Warma-
dewanthi and Lui [32] claimed that magnesium phosphates (Bobierrite, Mgs(PO4)2-:8H20,
pKsp= 25.2 and tri magnesium phosphate Mg3(POa4)222H20, pKsp= 23.1) were also co-
precipitated with MPP. The pH values over which these solid phases begin to precipitate
reported as 12 and 9 for bobierrite and tri magnesium phosphate, respectively. Xu et al.
[24] pointed out Mg3(PO4)2-8H20 may precipitate after pH 10 and 11 depending on P:K
ratio in MAP precipitation. A similar evaluation was made by Lee et al. [21] and Zhang et
al. [33] for MAP precipitation. On the other hand, Taylor et al. [25] reported experimental
results of MPP precipitation conducted pH between 10.42 — 10.87 where both bobierrite
and tri magnesium phosphate co-precipitated. However, no other study of MPP precipi-
tation cited in this paper has shown any evidence of magnesium phosphate precipitation
including crystal identification means such as X-ray diffraction (XRD). Thermodynamic
models have not included these compounds as well.

So far MPP precipitations have been conducted in mostly in source separated urine,
synthetic urine solution except for a study using 1/5 diluted urine, but in a draft tube and
baffle reactor [30]. The present study attempts to evaluate K-struvite precipitation using a
wide range of initial potassium concentration (10 - 250 mM) in batch systems with syn-
thetic solutions. The effects of pH, reaction stoichiometry, time and temperature on K re-
covery performance were investigated. The applicability of K-struvite precipitation to the
synthetic human urine was explored in terms of process performance. Solid phase anal-
yses were also realized.

2. Materials and Methods

2.1. Samples

Synthetic samples were prepared using KH:POs and MgCl-6HO and KOH,
NaH:POs, and MgCl>-6H20 for K-struvite precipitation experiments with stoichiometric
and excess doses, respectively. While synthetic human urine prepared, urea was excluded
from the original recipe given elsewhere [27,30,34]. The recipe used in the present study
is given in Table S1 (see Supplementary Material). All reagents were of analytical grade
and purchased from Sigma—Aldrich Chemicals (USA).

2.2. Analytical Procedure and Instruments

Synthetic samples were prepared using CO»-free deionized water as explained in our
previous study [35]. All analyses were accomplished as defined in Standard Methods for
the Examination of Water and Wastewater [36]. pH was measured with Orion 920A model
pH meter. PFP7/C Research Flame Photometer (Jenway™) was used for potassium meas-
urement. Solid phase analyses were made using X-ray diffractometer (XRD; Rigaku Dmax
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2200, Japan) and scanning electron microscopy (SEM; Philips XL30 SFEG). The deionized
water was produced by Sartorius Arium 611 - UV Water Purification System (with con-
ductivity of 0.055 puS cm-1).

2.3. Precipitation Experiments

500-mL Erlenmeyer flasks with stopper which were equipped with magnetic stirrer
to ensure homogenous mixing, were used as precipitation vessels. After reagent addition
to COz-free deionized water, if required, initial pH values were adjusted under flash-mix-
ing conditions using NaOH solution (0.1-1 N). During the course of slow-mixing, solution
pH was measured once a day and adjusted when necessary. At the end of MPP precipita-
tion, all samples were filtrated through Sartorius 0.45 mm membrane filters before ana-

lysing.

2.4. Equilibrium Time and Temperature

In order to determine the duration (time) needed to reach the equilibrium, the 7-day
precipitation and a long duration of one-month equilibrium time results were compared
for 250 mM initial concentration at pH 9.0 (Table S2, see Supplementary Material). The
differences between two durations were slight indicating that the 7-day equilibrium du-
ration was considered adequate for experimental evaluations. This finding is consistent
with the result of Xu et al. [27]. After one week storage, maximum relative tolerances were
measured as 3.2% and 5.2% for P and K, respectively, in their experiments. Based on these
data, they assumed that the reaction time required to reach equilibrium was selected as
60 min.

The effect of temperature on solubility of K-struvite and potentially precipitating
other solids was also explored through a MPP precipitation conducted at pH 9.0 by em-
ploying 333 mM initial dosage of a stoichiometric K/Mg/P solution. This experiment was
realized at room temperature (24°C), 30°C, and 90°C. The results are displayed in Table
S3 (see Supplementary Material). As seen from the table, solubilities, or supernatant con-
centrations after precipitation were almost identical indicating that the effect of tempera-
ture was negligible in the range studied. The temperature dependency of magnesium am-
monium phosphate (magnesium struvite) has been assessed in the literature and similar
results have been found [29]. Based on these data all precipitation experiments were per-
formed in a temperature-controlled laboratory section at 25 + 0.1°C for a week ensuring
equilibrium condition.

3. Results and discussion

3.1. Effect of pH

pH is one of the key parameters in precipitation processes which involve acid-base
reactions. The first experimental evaluation was made using a 250 mM initial concentra-
tion with a K/Mg/P molar ratio of 1/1/1 to ensure high level of saturation for a wide pH
range of 6 to 11. The results of MPP precipitation performed using KH2PO: and
MgCl2-6H:0 as precipitating agents are presented in Table 1.

The results indicated that K concentration together with P and Mg decreased in all
experiments with pH values between 7.03 and 11.00. At pH 6.06, however, K concentra-
tion remained unchanged, while P and Mg concentration significantly reduced from 250
mM to 16 mM. Considering that the formation of MSP was impossible since no pH ad-
justment was made using NaOH during this run, the significant reduction of both Mg and
P might be attributed to the precipitation of MgHPOs. At pH 7.03, K removal with precip-
itation is evident and only K salt precipitating is MPP. The precipitate was assumed to be
a mixture of MgHPO4 and MPP because K removal was 20% and NaOH addition for pH
adjustment was extremely low. Results of precipitation at pH 7.99 could be interpreted in
a similar manner as that of 7.03 while MPP precipitation becoming significantly higher as
K removal was 44%. The precipitation conducted at pH 9.14 yielded slightly higher K
removal than that of pH 7.99 indicating almost the same extent of MPP precipitation.
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MgHPOs even Mg(OH)2 were not likely to precipitate leaving only possibility of MSP.
Results of pH 10.01 and pH 11.00 were quite similar with one another and seemed to have
similar mechanism with that of pH 9.14, with a small reduction in K recovery efficiency.
Although, residual K concentrations differed, the mechanism depicted above was in ac-
cordance with the experimental results of Taylor et al. [25]. Xu et al. [24] in their experi-
mental study with synthetic urine found that K removal efficiencies decreased after pH
12, pH 10 and 11 yielded efficiencies very close to each other and represented optimum
pH for K removal. They explained the K removal efficiency drop at pH 12 with formation
of Mg(OH)2 and Mg3(POs)2. Huang et al [31] tested low grade MgO as a means of K re-
moval from urine that was pre-treated to remove ammonia. Their experimental data indi-
cated that K precipitation remained practically unchanged after pH of approximately 10.7.

Table 1. Effect of pH on K-struvite precipitation (K/Mg/P: 250/250/250 mM)

Initial Final
pH Unit
K P Mg K P Mg
6.06 mM 250 250 250 248 16 16
mg/L 9775 7750 6076 9714 520 390
703 mM 250 250 250 198 16 5
mg/L 9775 7750 6076 7772 553 134
799 mM 250 250 250 138 7.5 8
mg/L 9775 7750 6076 5399 232 200
914 mM 250 250 250 132 5 1.5
mg/L 9775 7750 6076 5366 148 34
10,01 mM 250 250 250 144 6 1.5
mg/L 9775 7750 6076 5645 189 27
11.00 mM 250 250 250 147 6 0.9
mg/L 9775 7750 6076 5763 97 24

In the light of the above evaluations, forthcoming MPP precipitation experiments
were run within the range of 8-10. In the present paper, we also intentionally avoided to
use the term “optimum pH” since it does not seem meaningful for a system where more
than one solid phase precipitating. Instead, the term “maximum removal or recovery”
could be used which is relative to system composition and aim of the work.

To assess the effect of pH on K recovery performance another set of precipitation
experiments was run at pH 9 and 10 with an initial concentration of 100 mM equimolar
Mg, K, and P, which represented upper concentration of K in human urine. The results
are outlined in Table 2. As seen from the table, while residual P and Mg concentrations
were similar with those of the experiments with 250 mM initial concentration, resulting K
concentration was lower, K recovery efficiency was also reduced (at pH 9 dropped from
47% to 25%).

Table 2. Effect of pH on K-struvite recovery (K/Mg/P: 100/100/100 mM)

Initial Final
pH Unit
K P Mg K P Mg
9.03 mM 100 100 100 75 1.3 1.3
) mg/L 3910 3100 2431 2937 41 32
mM 100 100 100 72 0.2 6
10.05

mg/L 3910 3100 2431 2812 7 16
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Table 3 displays the results of precipitation experiments initiated at 10 mM stoichio-
metric dose. As seen in the table, K recovery efficiencies were maximum 7% and did not
change by pH. Data given in this subsection, altogether indicated that K recovery efficien-

cies constantly decreased as initial K concentration reduced and became practically inap-
plicable for 10 mM (390 mgK L-1).

Table 3. Effect of pH on K-struvite recovery (K/Mg/P: 10/10/10 mM)

Initial Final
pH Unit
K P Mg K P Mg
8,08 mM 10 10 10 9.5 4.9 0.3
' mg/L 391 310 243 373 154 0.8
9,10 mM 10 10 10 9.3 3.4 3
' mg/L 391 310 243 367 106 0.7
mM 10 10 10 9.3 2.8 2
10.00
mg/L 391 310 243 363 88 0.5

3.2. Precipitation with Different Stoichiometry

To investigate the effect of the reaction stoichiometry on the process performance,
MPP precipitation experiments with over-stoichiometric dose were planned and realized.
KOH, NaH2PO4, and MgCl2:6H20 were utilized as reagents in these experiments. In the
first step, K was dosed over stoichiometric to Mg and P at the excess K ratios 20, 34 and
44%. The results are outlined in Table 4.

Table 4. Effect of excess K dose on process performance

Initial Final
pH Unit
K P Mg K P Mg
9.0 mM 180 150 150 121 1.65 1.6
mg/L 7038 4650 3646 4731 50 40
mM 180 125 125 112 24 1.3
202 mg/L 7038 3875 3038 4379 74 32
mM 250 187 187 190 2.2 0.9
899 mg/L 9775 5797 4545 7429 68 22

As seen in Table 4, for 125 and 150 mM doses of Mg and P, application of 180 mM K
resulted in very low residual P and Mg levels. K removals were limited to 32 and 37% for
150 and 125 mM doses, respectively, exhibiting much less than KMgPOs stoichiometry.
For a K dose of 250 mM, P and Mg levels were again low, but K removal was at 24% and
the residual amount at 190 mM, whereas it was 132 mM for 250 mM stoichiometric
(K/Mg/P: 1/1/1) dosing at pH 9.14 (Table 1). These results indicate that overdose of K was
ineffective in controlling and improving the K recovery performance.

In the second step, the effect of overdoses of Mg and P on K recovery efficiency was
explored at pH values of 9 and/or 10. Table 5 shows the results of these experiments. For
180 mM K concentration, increasing both Mg and P doses from 187.5 to 250 mM improved
K recovery efficiency from 24% to 50%. The improvement in K recovery efficiency was
also evident at 100 % overdoses of P and Mg for a wide range of initial K concentration
from 6.25 to 125 mM. The maximum K recovery was obtained as 85 % with 100 mM K
concentration at pH 10.02. Comparison K recovery efficiencies obtained at pH 9 with those
of pH 10 showed that using pH 10 seemed more effective to enhance K recovery. Further-
more, in all experiments, residual Mg and P values were very low indicating simultaneous
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precipitation of magnesium phosphate solids. Therefore, over stoichiometric Mg and P
application would help K recovery without an increase in residual Mg and P.

Table 5. Results of precipitation experiments at overdoses of Mg and P

Initial Final
pH
K P Mg K P Mg
mM 180 187.5 187.5 135 1.9 1.4
0 mg/L 7038 5813 4557 5278 59 34
mM 180 250 250 90 0.4 4
i mg/L 7038 7750 6076 3519 12 97
0.07 mM 125 250 250 41 0.9 3
mg/L 4887 7750 6076 1603 28 73
mM 50 100 100 17 1.9 2
200 mg/L 1955 3100 2431 686 59 51
10,03 mM 125 250 250 38 3 0.6
mg/L 4887 7750 6076 1486 93 15
L0.02 mM 100 200 200 15 0.2 1.5
mg/L 3901 6200 4861 578 8 36
mM 50 100 100 11 0.2 1.4
10:02 mg/L 1955 3100 2431 441 6 34
Lol mM 25 50 50 7 0.8 1.3
mg/L 977 1550 1215 276 24 32
L0.08 mM 12.5 25 25 6 1 1.2
mg/L 489 775 608 254 31 29
Lo mM 6.25 125 125 5 1.9 1.2
mg/L 244 387 303 176 57 30

3.3. Dissolution of Precipitate

To determine the components and their composition of the precipitate produced in
the experiments, a selected solid phase (obtained from the experiment run at 250 mM stoi-
chiometric doses of K/Mg/P and pH 9.0) was completely dissolved in acid. The amount of
solid dissolved was 8 gL-'. The composition of the obtained solution was found as shown
in Table 6.

Table 6. Composition of precipitate

K POs Mg Na

mM 6.5 19 19 7

The results clearly showed that amount of P and Mg were several folds greater than
K indicating high amount of magnesium phosphate contributed to the solid. Existence of
sodium was almost equal amount of K suggested the presence of a sodium containing
solid which was likely to be MSP [37]. The obtained solid phase stoichiometry is
Mg/K/Na/P: 2.9/1/1.01/2.9 and the stoichiometry of both MSP and MPP is 2/1/1/2. This
finding gives the impression as if the solid phase comprised a mixture of MSP, MPP and
some magnesium phosphates.
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3.4. Potassium Recovery from Human Urine

Human urine is the principal source for potassium recovery using K-struvite precip-
itation. Therefore, we also conducted precipitation experiments on synthetic human urine
(SHU) defined in the Materials and Methods section. Considering the findings in the rel-
evant literature [24,27,30,38] that ammonia removal by a suitable process, such as strip-
ping, prior to K-struvite precipitation is an essential step so as to enhance K recovery from
SHU solutions, urea was not added to the SHU solution to avoid MAP precipitation. So,
the main reactive species of SHU were K, Mg and P. The results obtained from our exper-
imental study and their interpretation strongly suggested that in a such system the solid
phase would be composed of a mixture of different substances. Therefore, different stoi-
chiometric doses were employed in these precipitation experiments. The obtained results
are given in Table 7.

Table 7. Results of K-struvite precipitation for SHU solution

Initial Final

pH K:Mg:P K P Mg K P

mM 31.82 10.32 5.16 23 3.44
9.40 3/1/0.5

mg/L 1244 319 125 920 106

mM 31.82 10.32 10.32 24 0,99
9.42 3/1/1

mg/L 1244 319 251 954 29

mM 31.82 10.32 13.41 24 0.36
9.39 3/1/1.3

mg/L 1244 319 326 953 11

mM 31.82 10.32 15.48 25 0.14
9.44 3/1/1.5

mg/L 1244 319 376 988 4

mM 31.82 31.82 31.82 25 0.01
9.48 1/1/1

mg/L 1244 986 773 989 1

mM 31.82 63.64 63.64 11 9.67
9.44 1/2/2

mg/L 1244 1972 1547 441 300

mM 31.82 63.64 63.64 4 478
10.04 1/2/2

mg/L 1244 1972 1547 167 147

As seen in Table 7, the best result, through the experiments conducted using SHU
solution with initial K concentration of 31.82 mM, was obtained as 87% K recovery with
K/Mg/P ratio of 1/2/2 and at pH 10.04. With the same stoichiometry, but at pH 9.44, K
recovery (67%) as well as P removal decreased. These K recovery efficiencies are compa-
rable with data published in the literature. For example, ammonium, K, and P removals
were reported as 73%, 76%, and 68%, respectively, in Xu et al. [30] study performed on
ammonia stripped-diluted (1/5) real human urine in a laboratory-scale draft tube and baf-
fle reactor. In another study, conducted in a pilot-scale fluidized bed reactor using SHU
(recipe: 30.9 mM KH:POs, 21 mM KCl, 0.7 mM CaCl22H:0, 78.7 mM NaCl, 16.2 mM
Na:50s, and 2.86 mM NH:Cl), for optimized operation conditions of pH of 10.5, Mg:P
molar ratio of 1:1, super saturation ratio of 3.0, and superficial velocity of 350 cm min-, K
and P removal efficiencies were reported as 20-35% and 80-90%, respectively [38]. This K
removal efficiency is the same level with that of the precipitation experiment conducted
at pH 9.48 with the K/Mg/P stoichiometry of 1/1/1.
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3.5. Solid phase analyses

Further studies were conducted to assess the solid phases that were formed through
the K-struvite precipitation. Within the context, three selected solid phases were analysed
using x-ray diffraction (XRD) method (Fig. S1-S3, see Supplementary Material). The first
solid phase was the one obtained from the precipitation at pH 10.05 with stoichiometric
dose (K/Mg/P: 1/1/1) for an initial K concentration of 100 mM. The result indicated the
existence of magnesium phosphate and consistent with the discussion of this experiment
as well as with the experimental evaluation given by Taylor et al. [25]. Other solid phases
analysed using XRD were the precipitates that resulted from the experiments at the pH 10
with the applications of over-stoichiometric (K/Mg/P: 125/250/250 mM) and stoichiometric
(250/250/250 mM) Mg and P doses. Examination of these results showed that the existence
of sodium in the solid rather than magnesium phosphate implying the structure of MSP
as pointed out in the relevant literature [24,27,30] .

Scanning electron microscope (SEM) photographs of solid phases obtained through
the experiments were used to evaluate the morphology of the precipitates (Figure 1)
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Figure 1. SEM analyses of solid products obtained from precipitation experiments performed at (a) pH 9.14 and K/Mg/P: 250/250/250
mM, (b) pH 10.05 and K/Mg/P: 100/100/100 mM, and (c) pH 10.03 and K/Mg/P: 125/250/250 mM.

In Figure 1 (a) K-struvite crystals can be clearly seen as a similar structure with that
of MAP having long needle like shape. In Figure 1 (b) magnesium phosphate crystals with
their spherical shape and together with K-struvite can be observed. Their size was irreg-
ular. In the case of overdose of Mg and P a mixture of crystals each having different struc-
ture was noticed (Figure 1(c)).
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4. Conclusions

The following conclusions could be drawn from the present study.

v" In the case of synthetic samples, K recovery efficiency found to be dependent
on initial K concentration, reaction stoichiometry and pH.

v" K recovery efficiencies reduced while initial K concentration decreased.
The lowest K recovery efficiency (7%) was obtained for initial K concentra-
tion of 390 mg K L at stoichiometric dose. For a wide range of initial K con-
centration of 6.25 to 125 mM, K recovery efficiency improved when applied
100% excess doses of P and Mg to K. On the other hand, excess dose of K
found to be incapable of improving K recovery performance.

v 100% excess dose of Mg and P (K/Mg/P:100/200/200 Mm) yielded K recovery
efficiency of 85% corresponding to a maximum one for synthetic samples at
pH 10.02. Almost equal K recovery efficiency (87%) was also obtained for
synthetic human urine at pH 10.04 and 100% excess dose of Mg and P.

v In all these precipitation experiments performed using synthetically pre-
pared samples, P and Mg were almost completely precipitated, resulting the
effluents with low Mg and P contents.

v The results indicated that K-struvite never precipitated alone, but its precip-
itation was accompanied by other solids which, as evidenced by XRD results
as well as stoichiometric evaluation of the composition of dissolution of sol-
ids, were Mgs(POxs)2, MgNaPO4+-7H20, and MgHPO4-7H20.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1:
Recipe of synthetic human urine used in this study [34], Table S2: Effect of duration on K-stru-
vite precipitation performance, Table S3: Effect of temperature on K-struvite precipitation per-
formance, Figure S1: XRD analysis (K/Mg/P: 250/250/250 mM, pH 10.01), Figure S2: XRD analysis
(K/Mg/P: 125/250/250 mM, pH 10.03), Figure S3: XRD analysis (K/Mg/P: 100/100/100 mM,
pH 10.05).
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