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Abstract: 22 

Phosphorus and magnesium are comprised as essential resources in the European Union's list 23 

of critical raw materials. Access to those nutrients together with growing potable water 24 

demand is becoming a serious problem. Many efforts have been made to develop effective 25 

technologies for recycling water and essential nutrients from wastewater over the past few 26 

decades. Here, we present a new approach for the recovery of water simultaneously with the 27 

reclamation of Mg2+ and phosphates from secondary effluent (SE) and anaerobic digestion 28 

liquor (ADL) at WWTPs. Following the circular economy principles, our technology manages 29 

SE and produces two important products, (1) pure water (permeates) and (2) Mg-rich 30 

concentrates (by-streams/retentates), for further phosphate recovery from ADL in the form 31 

of struvite (MAP). The present study proposes an approach of combining energy-saving 32 

membrane processes (ultrafiltration (UF) and nanofiltration (NF)) with ionic exchange (IE) with 33 

the UF-NF-IE-NF-concentrates serving as a source of Mg2+ in struvite (MAP) precipitation from 34 

ADL. Different reaction conditions led to the development of typical MAP crystal forms, such 35 

as pyramids, needles, and x-shapes. The study also demonstrated that due to the low heavy 36 

metal content and narrow size distribution, the MAP generated could also be employed as a 37 

fertilizer.  38 

 39 
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1 Introduction 40 

Circular economy necessitates that waste should be reused and valorised to promote 41 

maximum value extraction and also ensure sustainable management of by-products while 42 

maintaining low energy and raw material consumption [1,2].  43 

Since water scarcity affects ~ 38% and ~48% of the EU population and global population 44 

respectively,  significant attention has been given to the development of an efficient, cost-45 

effective and eco-friendly technology to reclaim water from secondary effluent (SE) [3–6]. This 46 

SE is generated in situ in WWTPs for multifarious applications in industry, agriculture and 47 

elsewhere [3–6].  48 

In our previous study, we demonstrated that multistep membrane processes – such as 49 

microfiltration (MF)/ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) – make 50 

it possible to reclaim water of various qualities: from cooling water to tap water [3]. These 51 

processes produce not only permeate-purified water but also a retentate by-product that is 52 

rich in other valuable ingredients. Given that Mg and Ca concentrations in SE are ca. 8-100 53 

mg/L and 48-110 mg/L, while 98% of divalent cations are retained in NF, the retentates may 54 

offer a valuable and inexpensive stream for secondary uses such as in phosphorus (P) fertilizer 55 

production. 56 

The low quality of agricultural lands (30-40% of the world’s cultivated land is deficient in P) 57 

and the growing demand for food leads to an excessive application of mineral phosphorus (P)-58 

fertilizers; the amount of P-fertilizers used in European Union (EU) countries was 1.2 million 59 

tons in 2020, which is 21.9% more than that in 2010 [7]. This increase in annual consumption 60 

of fertilizer will gradually lead to the complete depletion of nonrenewable geological sources 61 

[8], which is estimated to occur between 50 and 100 years from now [9].  62 

Since raw minerals critical for P- and Mg-fertilizer production in the EU comprises over 90% of 63 

the imports, there is a supply risk not only due to their inaccessibility but also due to the 64 

commercial policy of the importing country or region. This problem is exacerbated by the 65 

when supply chains are severely disrupted as observed during the COVID-19 pandemic or 66 

geopolitical challenges, especially those supply chains that are initiated outside the EU. 67 

Therefore, the cost of producing P- and Mg-fertilizers is rising drastically, which translates to 68 

higher food prices. Due to these challenges, the EU Commission recently designated 69 

phosphorous and magnesium as  critical raw materials for the EU’s industry and economy. 70 

These elements have been categorized as essential nutrients to support life, as they are 71 

components of the commonly used P fertilizers MAP ((NH4)Mg[PO4]·6H2O) [10].  72 

The current priority is to find cheap and easily accessible sources of phosphorus, nitrogen and 73 

magnesium or calcium. The cheap raw materials commonly used for P-fertilizer precipitation 74 

are agro-industrial wastewater rich in P and N, including dairy wastewater [11], wastewater 75 

from fish processing factories [12], pharmaceutical wastewater [13], or wastewater from 76 

piggery [14,15] and ADL [16] (Table S1). ADL is a liquid byproduct of digestion separation in 77 

WWTPs that could be an excellent source of P in the precipitation of P-fertilizer, such as MAP. 78 

During anaerobic digestion, large amounts of organic matter are gasified, which leads to a 79 

substantial release of soluble phosphorus (up to 60-80% of phosphorus loads in raw 80 

wastewater) and a considerable increase in its concentrations [17]. As this stream is 81 

recirculated to the wastewater treatment plant inlet and mixed with raw wastewater, 82 

phosphorous salt precipitation performs P-resource recovery and lowers the plant’s P-loading, 83 
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consequently enhancing effluent quality and helping minimize eutrophication. Despite the 84 

sufficient P and N content, one major obstacle to achieving easy and inexpensive P-fertilizer 85 

production from ADL is the lack of sufficient concentrations of magnesium or calcium [18]. At 86 

least a 1:1 Mg:P ratio is needed for MAP precipitation [19]. Typically, the Mg:P molar ratio in 87 

ADL does not exceed 0.1:1; hence, MAP precipitation from ADL requires supplementation with 88 

stock salts (MgCl2 or MgCO3), which significantly pushes up operating costs [12,20,21]. MAP 89 

precipitation can be performed by the employment of low-cost sources of magnesium, such 90 

as byproducts of magnesium oxide production, seawater nanofiltration concentrate, bittern 91 

solution, and flue‐gas desulfurization wastewater from coal‐fired power plants [22–26]. In 92 

such a case, the plant must have access to these sources, which can be limited by its 93 

geolocation. Considering the production of P-fertilizer in a WWTP, it is surprising that SE has 94 

not been regarded as a potential source of magnesium or calcium ions. 95 

Within this study, we have developed a novel strategy for both water reclamation and 96 

valuable nutrient recycling, such as P and Mg, and Ca, using streams (SE and ADL) generated 97 

in situ in WWTPs. For this purpose, we have proposed a three-stage technology including UF-98 

NF-IE-NF, which yields Mg- and Ca-rich concentrates (retentates) with the simultaneous 99 

production of purified water (permeates) from SE. In line with the zero waste principle, the 100 

UF-NF-IE-NF concentrates, which are traditionally returned to the main wastewater circuit, 101 

and ADL were used as a source of Mg2+ , PO4
3- and NH4

+ ions in phosphate salt precipitation. 102 

This study investigated the influence of the PO4
3-:NH4

+ molar ratio and pH on the degree of 103 

conversion, morphology, and mineral composition. To our knowledge, no study has explored 104 

the recovery of high-value concentrates from effluent concurrent with the production of 105 

purified water; nor has a similar efficient approach to the recovery of Mg-rich SE concentrate 106 

as a reactant in phosphate salt precipitation been reported. 107 

2 Materials and methods 108 

2.1 Materials 109 

Sodium hydroxide (granules, p.a.) was purchased from Stanlab (Poland). Hydrochloric acid 110 

(~35-38% aqueous solution, p.a.) and sulfuric (VI) acid (aqueous solution, min 95%, p.a.) were 111 

obtained from POCH (Poland). Sodium carbonate (powder, p.a.) was acquired from Sigma‒112 

Aldrich (Germany) and EUROCHEM BGD (Poland), respectively. 1-Pentanol (aqueous solution, 113 

purity) and potassium dihydrogen phosphate (powder, p.a.) were supplied by Chempur 114 

(Poland). All reagents were used as received unless otherwise specified.  115 

2.2 Analytical methods (SM) 116 

A description of the analytical methods can be found in the Supplementary Material. 117 

2.3 Raw wastewater 118 

The secondary effluent (SE) resulting from the mechanical-biological treatment of municipal 119 

wastewater was sourced from the Wroclaw WWTP, Poland. Concentrate #1 (C1) was the final 120 

waste product of SE treatment (retentate), generated by the integrated UF-NF-IE-NF process. 121 

Concentrate #2 (C2) was the C1 concentrate after calcium removal through the addition of 122 

Na2CO3. The anaerobic digester liquor ADL originated from sludge filter presses from the 123 
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Wroclaw WWTP, Poland, and served as a source of ammonium and phosphates for 124 

precipitation experiments. The compositions of the raw materials are shown in Table 1. 125 

Table 1. The average concentration of main nutrients in the SE, ADL, concentrate #1 (C1) and 126 

concentrate #2 (C2) 127 

Parameter Unit SE ADL C1 C2 

PO4
3- mg/L 0.15±0.05 95.5±14.25 0±0 0±0 

NH4
+ mg/L 1.3±0.8 895±2.5 

0.072±0.012 
0.026 

0.118±0.009 
0.035 

Mg2+ mg/L 16.0±2.9 4.12±0.45 465±55.5 321±11 

Ca2+ mg/L 72.4±3.2 38.9±5.35 940±12.5 10±5 

2.4 Preparation of Mg-rich concentrate and purified water 128 

Concentrates with high magnesium and calcium ion concentrations and purified water were 129 

produced by the processing of SE from the Wroclaw WWTP, Poland, based on the pilot-scale 130 

three-stage technology, as shown in Figure 1. In the first stage, the SE was treated in a dead-131 

end UF (DE-UF) (2) (Left inset in Figure 1) equipped with a hollow fibre membrane W05-VC  132 

(inner diameter 0.8 mm, cut off of 80 kDa, Liqui-Flux Filtration, USA) with an effective filtration 133 

area of 8.7 m2, at an initial pressure of 3 bars to remove suspended solids and reduce turbidity. 134 

Next, the UF permeate (3) was concentrated in NF according to a batch concentration 135 

configuration on the DK2540C50 membrane (cut off from 150-300 Da, GE Power&Water, USA) 136 

(4) with an effective filtration area of 1.6 m2 (Right inset in Figure 1) at 12 bars to achieve a 137 

10-fold reduction in the feed volume, and to produce the concentrated retentate (C0) and 138 

Permeate I. The experiments were performed on pilot equipment that permits the batch 139 

circulation mode for the recycling of the concentrate to the feed tank (3). Permeate I was 140 

collected in a tank (5). C0 was transferred to the feed tank of IE (6), from which it was pumped 141 

to the IE column (7), filled with Lewatit S 6328 A anion-exchange resin (Lanxess, Germany) and 142 

operated in continuous downflow mode for removal of sulfates. The effluent from the IE (8) 143 

was the feed (9) in the third stage, NF (10) at 12 bars with feed recirculation, to produce 144 

concentrate #1 (C1) and purified water – Permeate II (11). Calcium ions were recovered in the 145 

form of calcium carbonate by adding sodium carbonate in a molar ratio of Na/Ca = 2/1. The 146 

precipitate was then separated from the liquid by a filter with a strainer and the filtrate served 147 

as concentrate #2 (C2). All experiments were carried out at room temperature (~20°C). Stream 148 

samples were collected and analysed at each stage for PO4
3-, NH4

+, Mg2+, and Ca2+ using the 149 

LCK cuvette test system (Hach, Poland). 150 
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 151 

Figure 1. Scheme of the pilot-scale three-stage technology to produce concentrates. Stage I: 152 

UF and NF steps: 1 - UF feed tank, 2 - UF membrane module, 3 - UF permeate tank/NF feed 153 

tank/NF recirculated retentate tank, 4 - NF membrane module, 5- NF permeate I tank. Stage 154 

II: IE: 6 -  IE feed tank, 7 - column with IE resin, 8 - IE filtrate tank. Stage III: one more step of 155 

NF: 9 - NF feed tank/NF recirculated retentate tank, 10 - NF membrane module, 11 - NF 156 

permeate II tank.  157 

MAP precipitation  158 

The MAP precipitation procedure was as follows: initialy, the C2 and ADL were pretreated by 159 

filtration for solid removal. Appropriate amounts of C2, ADL, and optionally KH2PO4 were 160 

subsequently mixed in a jacketed beaker to obtain the final molecular ratio of Mg/PO4/NH4 or 161 

Mg/PO4 as shown in Table 2. Then, the solution pH was  then measured and adjusted to the 162 

desired value using 0.5 M NaOH or 35-38% HCl. Precipitation was carried out with the 163 

following variants: with no agitation and with mixing at ~100 rpm. The duration of the 164 

reactions was 2 h. During the reaction, the morphology of the formed crystals was observed 165 

under an inverted optical microscope (Leica DMi8, Germany). Precipitated phosphate salts 166 

were separated by filtration, washed with water, dried, and stored in a desiccator for further 167 

analysis. The concentrations of PO4
3-, NH4

+, and Mg2+ in the supernatant were measured with 168 
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Hach’s LCK cuvette tests. All experiments were performed at room temperature (20°C). For 169 

details, see Table 2.  170 

Table 2. Precipitation conditions 171 

GROUP I II 

No. 1 2 3 4 5 6 

Source of N, P, 
and Mg 

C2, ADL C2, ADL, KH2PO4 

Molar ratio 
(Mg2+:PO4

3-

:NH4
+:Ca2+) 

1:1:20:0.25 1:1:1:0.017 

Mixing rate [rpm] 100 100 0 100 100 0 

pH 8.0 9.0 8.0 8.0 9.0 8.0 

Reaction Time [h] 2 2 2 2 2 2 

 172 

The final precipitation test was performed in a thermostated lab-scale reactor (LPP 173 

equipment, 20 L) equipped with a motor stirrer, an online pH meter, and a thermostat under 174 

reaction conditions (pH, temperature, rate, and time) of test No. 2 and with the reaction 175 

volume of 12 L. This experiment aimed to confirm the reproducibility of the results in a higher 176 

reaction volume as a preliminary step in process development and scale-up.  177 

2.5 Precipitate characterization 178 

Precipitate characterization methods are described in the Supplementary Material. 179 

3 Results 180 

3.1  Multistage process (UF-NF-IE-NF) to produce water and Mg/Ca-rich concentrates  181 

Our study aimed to recover water and nutrients (Mg ions) from municipal SE in an integrated 182 

system combining UF and NF membrane processes and IE. The process was made up of three 183 

main stages, each producing water in the form of permeates and/or nutrient-rich retentates, 184 

whose quality was assessed. In the first stage, the DE-UF process recovered almost 100% of 185 

the SE in the form of permeate while separating mainly suspended solids, which could 186 

potentially foul the NF membrane in the next stage of separation. In the following step, the 187 

UF permeate-fed the NF with the recirculation mode. The  NF process not only retrieved 90% 188 

of water (Permeate I) but also produced the intermediate concentrate (C0) by a 10-fold 189 

concentration of the retentate/feed volume. After the UF-NF process, the highest retention 190 

rates (Figure 2A) were achieved for organic compounds, such as COD (97.7±2.9%), total 191 

phosphorus (94.7±5.5%), sulfates (90.1±3.8%), and humic substances (87.9±10.6%). Their 192 

concentrations reached values of 0.55±0.69 mg/L, 0.009±0.009 mg/L, 13.8±5.3 mg/L, and 193 

0.252±0.078 mg/L, respectively (Table 3). 194 

The subsequent IE of C0 removed sulfates, which could affect the ultimate precipitation of 195 

phosphate salts. After IE, one more stage of NF was performed, which lead to a total recovery 196 
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of 98% of the water from SE (Permeates I+II) and 2% of highly concentrated C1 (retentate). 197 

Such recovery efficiency results from the 10-fold reduction in feed volume in the NF and does 198 

not include water loss during the operation or maintenance of membrane facilities (e.g. 199 

membrane cleaning and backwashing). Typically, these retentates are returned to the main 200 

wastewater circuit, affecting the overall pollutant load of wastewater and the performance of 201 

the sewage treatment plant.  202 

Table 3. Physicochemical characteristics of permeates after UF-NF (Permeate I) and UF-NF-IE-203 

NF (Permeate II) processes and their combination (I+II). The parameters were evaluated based 204 

on the EU Drinking Water Directive 2020/2184s. +/- - complies/does not comply with the 205 

requirements of the Directive; N/A - not applicable. 206 

Parameter Unit 

 
Permeates 

 

Compliment with 
the potable 

water standards* 

I (UF-NF) 
II (UF-NF-IE-

NF) 
I+II (mixed) I II I+II 

COD mg/L 0.55±0.69 4.82±0.23 0.89 N/A N/A N/A 

Ptotal mg/L 0.009±0.009 0.011±0.010 0.009 N/A N/A N/A 

Ntotal mg/L 8.54±1.32 3.79±1.09 8.16 +** +** +** 

PO4
3- mg/L 0.110±0.205 0.095±0.147 0.109 N/A N/A N/A 

Mg2+ mg/L 2.83±1.72 17.20±6.75 3.98 - + - 

Ca2+ mg/L 27.9±10.0 106±25 34.1 N/A N/A N/A 

SO4
2- mg/L 13.8±5.3 12.1±1.5 13.7 + + + 

Cl- mg/L 184±73 661±117 222 + - + 

HCO3
- mg/L 139±28 169±67 141 N/A N/A N/A 

HS mg/L 0.252±0.078 0.238±0.096 0.251 N/A N/A N/A 

electrical 
conductivity 

µS/cm 1004±115 2144±222 1095 + + + 

pH - 7.30±0.37 7.30±0.10 7.30 + + + 

turbidity NTU 0.56±0.36 0.22±0.08 0.53 + + + 

alkalinity mval/L 2.76±0.77 3.63±0.91 2.83 N/A N/A N/A 

salinity*** 
(TDS) 

mg/L 702.8 1500.8 766.5 N/A N/A N/A 

* Based on Polish legislation (consistent with EU directive 2020/2184) 207 
** The maximum nitrate concentration in the potable water is 50 mg/L if the Ntot comprises only nitrate, 208 

nitrite, and ammonium nitrogen, and if the Ntot concentration is <50 mg/L, i.e., the nitrite 209 

concentration must also be. 210 
*** Calculated based on the equation reported in [27]. 211 

The retention factors after UF-NF-IE-NF were higher than in the first step (UF-NF) and reached 212 

values of 97.6±2.2% (Ptotal), 98.5±0.2% (SO4
2-), and 98.3±1.7% (HS). The concentrations of 213 



8 
 

these compounds were 0.011±0.010 mg/L (Ptotal), 12.1±1.5 mg/L (SO4
2-), and 0.238±0.096 214 

mg/L (HS). The greatest differences can be seen in the retention, concentration of calcium and 215 

magnesium cations, and conductivity. The concentration of Ca2+ in Permeate I was 27.9±10.0 216 

mg/L with a retention of 75.3±8.9%, while in Permeate II, it was 106±25 mg/L with a 217 

comparable retention of 74.8±5.9%. Similarly, Mg2+ concentrations were 2.83±1.72 mg/L in 218 

Permeate I and 17.20±7.25 mg/L in Permeate II, with retentions of 86.9±8.2% and 87.6±4.1%, 219 

respectively. COD retention rates were also close in values in both permeates, 97.7±2.9% and 220 

96.8±2.4%, respectively, while concentrations were 0.55±0.69 mg/L and 4.82±0.23 mg/L. Our 221 

technology was highly effective in calcium and magnesium ion separation, fulfilling the 222 

purpose of this study. The conductivity of Permeate II (2144±222 µS/cm) was higher – more 223 

than twice – than that of Permeate I (1004±115 µS/cm), despite the higher separation of 224 

sulfates at the IE stage. The parameters of Permeate II were higher, but considering the small 225 

proportion of this stream in the total water recovered, the post-mixed parameters would be 226 

similar to those of Permeate I, making it more usable. The mixture of Permeates I and II, in 227 

several aspects, meets the standards of various types of water [3].  228 

3.2 Characterization of concentrates 229 

The first stage (UF-NF) simultaneously retained calcium, magnesium, phosphate, and sulfate 230 

ions. Through the intermediate IE process, 85% of SO4
2- was removed from concentrate C0. 231 

80% of humic substances (HS) were also separated. Humic acids were found to improve 232 

phosphate precipitation [28], but their presence may affect the purity of MAP; hence, they 233 

need to be removed. During IE, both compounds were exchanged with chloride ions in the 234 

resin, which affected the composition of not only Concentrate C1 but also Permeate II. 235 

Chlorides reached a concentration of 184±73 mg/L after UF-NF and increased more than 3 236 

times (661±117 mg/L) when the IE stage was added (UF-NF-IE-NF) (Table 3). After IE, the 237 

remaining SO4
2- and HS residues were concentrated in the second NF, achieving 238 

concentrations of up to 1.1±0.1 (143±18 mg/L) and 5.1±1.0 times (10±2 mg/L), respectively. 239 

The integrated UF-NF-IE-NF process produced a C1 with a high concentration of magnesium 240 

and calcium ions. As shown in Figure 2B, the ion with the highest concentration factor of 241 

24.0±2.4 is Mg2+ with a final concentration of 465±55.5 mg/L (Table 1). Ca2+ ions were 242 

concentrated 13.4±0.6 times, reaching a value of 940±12.5 mg/L (Table 1). Compounds that 243 

are precursors of struvite were also slightly concentrated: total phosphorus – 1.7±0.1 times 244 

while total nitrogen – 1.4±0.3 times; however, their final concentrations remained much lower 245 

than those of cations. This result means that precipitation may require an external source of 246 

phosphate to achieve the optimal molar ratio of reagents. The calcium ion concentrations in 247 

a two-step NF were 3-6 times higher than those in a single-step NF with the same membrane 248 

[29]. In contrast, 11-18 times higher magnesium concentrations were obtained, which proves 249 

that SE can be completely recycled according to the circular economy concept. Using one 250 

source, both water and Ca2+/Mg2+-rich solutions can be produced and reused.  251 
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 252 

Figure 2. (A) Retention rates (R) of main compounds after UF-NF relative to SE (left) and after 253 

UF-NF-IE-NF relative to concentrate C0 (right). NF: 12 bar, DK2540C50 membrane, in 254 

circulation mode. IE: Lewatit S 6328A resin, in continuous downflow mode. (B) Concentration 255 

factor after UF-NF-IE-NF. 256 

Compared to pure reagents, concentrate C1 shows higher potential to improve the economics 257 

and environmental footprint of phosphate recovery in the form of phosphate salts, as C1 is 258 

rich in calcium and magnesium ions. As shown in Table 1, the concentrations of Mg2+ and Ca2+ 259 

in C1 reached 465 mg/L and 940 mg/L. The circular economy assumptions require that 260 

renewable sources of orthophosphates and ammonium ions should also be used. The 261 

concentrations of these ions in SE are low because they have to be removed from the 262 

wastewater according to standards, hence we sought another stream at the WWTP. ADL was 263 

found to be an excellent source of phosphate and ammonium since it is produced in situ at 264 

the wastewater treatment plant, and contains ammonium nitrogen and orthophosphate as 265 

the main components with concentrations of 895 mg/L and 95.5 mg/L. Because the NH4
+ level 266 

is about 9 times higher than that of PO4
3-, an external source of phosphates might be required 267 

to achieve high removal of both species and struvite production yield.  268 

As the high content of calcium ions in C1 could interfere with the crystallization of MAP [30], 269 

we reduced Ca ion content to ~15 mg/L. Mg-rich concentrate 2 (C2) was obtained by 270 

precipitating Ca2+ from C1 as aided by Na2CO3. This method is advantageous because, with a 271 

well-optimized process, the recovery of calcium in the form of calcium carbonate is almost 272 

total with a minor loss of magnesium ions from the solution [31]. The process also recovered 273 

98% (molar basis) of calcium ions in the form of crystalline CaCO3 and eventually produced C2. 274 

Calcium carbonate is an additional by-product with a possible application in paper, plastic, 275 

paint, or coating industries and agriculture as an additive to pesticides and poultry feed.   276 

3.3 Struvite precipitation and characterization  277 

3.3.1 Group No. I 278 

Next, we perform precipitation experiments to obtain struvite by simply mixing C2 and ADL in 279 

an appropriate volume ratio without (Group No. I, samples No. 1-3) and with (Group No. II, 280 

Samples No. 4-6) an external source of orthophosphates. Within each group, individual 281 

reactions were performed at different initial pHs of 8 (Sample No. 1, 3, 4, and 6) and 9 282 
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(Samples No. 2 and 5) and with (Samples No. 1, 2, 4, and 5) and without (Samples No. 3 and 283 

6) stirring. 284 

 285 

Figure 3. Characterization of phosphate salts from group No. I (Table 2, samples No. 1-3) with 286 

sample No. 1 as a representative: (A) Pie chart presents the origin and percentage molar 287 

contribution of substrates in the precipitation.  C2 and ADL were mixed in a proper proportion 288 

to achieve the ratio of Mg2+:PO4
3- 1:1; (B) FTIR spectrum of sample No. 1 revealed the 289 

functional groups of MAP; (C) XRD pattern of sample No. 1 confirmed the presence of MAP; 290 

(D) SEM-EDS micrograph of orthorhombic pyramidal MAP crystals. EDS identified elements 291 

such as oxygen, magnesium, calcium, and phosphorus, consistent with the composition of 292 

MAP; (E) real-time optical microscopy evaluation of sample No. 1 during a 2-hour experiment. 293 

MAP crystals with a hemimorphic structure appeared after 30 minutes of the reaction 294 

In Group No. I (samples No. 1-3), magnesium ions from C2, and ADL as a source of 295 

orthophosphates and ammonium were mixed in the volume ratio of ~1/3 to obtain the final 296 

ratio of Mg2+/PO4
3- equal 1. As shown in Figure 3A, due to the high concentration of NH4

+ in 297 

ADL (895 mg/L), the molar percentage of ammonium ions (88%) far exceeded magnesium 298 

(Mg2+) (5.2%) and ortho-phosphates (PO4
3-) (5.3%). The molar ratio of Mg2+:PO4

3-:NH4
+ was, 299 

therefore, 1:1:20. Table 4 shows that Mg2+ and PO4
3- reacted at approximately 58.2% and 300 

50.9%, respectively, while the degree of NH4
+ conversion was only 0.7% (experiment No. 1). 301 

The low recovery of NH4
+ arises from the 20-fold excess of ammonium ions over those of 302 

magnesium and phosphate. In Experiment No. 1, the initial pH was set to 8.0. Based on the 303 

research by Hao et al. (2008) [32], we performed precipitation at pH 9 in the next experiment 304 

(No. 2) to achieve higher ion conversion degrees. In Experiment No. 2 PO4
3-

 recovery was 305 

90.4% and Mg2+ 76.4% and increased by 39.5% and 18.2%, respectively, compared to the 306 

results of No. 1 (Table 4). Analysis of the degrees of reaction in experiments No. 1-3 indicates 307 

that the precipitated salt corresponds to MAP [33]. When the reaction mixture was not stirred, 308 
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the overall reaction performance was lower with only 37.4% and 47.5% conversions of PO4
3- 309 

and Mg2+. MAP has been previously precipitated from ADL with additional supplementation 310 

of magnesium and phosphate ions in the form of MgCl2 and NaH2PO4 salts leading to 311 

comparable retention rates of Mg2+ and PO4
3- ions at pH 9 (for Mg2+= 70.4% and PO4

3-= 93.9%). 312 

Within this study, a higher recovery rate of Mg2+ ions and a similar recovery rate of PO4
3- were 313 

obtained (PO4
3-= 90.4%, Mg2+= 76.4%) (sample No. 2), which indicates that MAP was 314 

effectively precipitated without the addition of any external ingredients. Magnesium, 315 

phosphorus, and nitrogen originate from C2 and ADL, which are recovered from WWTP by-316 

streams in accordance with the circular economy paradigm.  317 

Table 4. The conversion degree of NH4
+, PO4

3-
, and Mg2 species in each process. Source of Ca, 318 

Mg, N and P: I – C2, ADL; II – C2, ADL, KH2PO4.  319 

  II III 

No. 1 2 3 4 5 6 

Mineral MAP MAP 

Conversion 
degree [%] 

NH4
+ 0.7 7.0 0 45.2 55.6 38.2 

PO4
3- 50.9 90.4 37.4 56.8 83.6 49.2 

Mg2+ 58.2 76.4 47.5 72.9 84.1 80.3 

pHinitial 8.0 9.0 8.0 8.0 9.0 8.0 

pHfinal 8.1 8.9 8.1 8.1 9.0 8.1 

Stirring [rpm] 100 100 0 100 100 0 

Next, we used FTIR and XRD analyses to identify the most characteristic functional groups and 320 

crystal phases in the precipitated MAP and confirm its presence in the samples. Figures 3A 321 

and 3B present the XRD and FTIR spectra of sample No. 1, while plots of samples No. 2, and 322 

No. 3 are shown in Figures S2 and S1 in Supplementary Material. All observed diffraction peaks 323 

for precipitates No. 1 and No. 3 originating from mixing ADL and C2 in a molar ratio of 1:1:20 324 

(Mg2+:PO4
3-:NH4

+) were related to MAP, and no impurity phases were found. The presence of 325 

MAP in those samples was identified by FTIR analyses. The IR spectra exhibited a major 326 

characteristic for the MAP bands at approximately 560 and 980 cm-1, which can be assigned 327 

to the antisymmetric bending mode of ν4(PO4) and the ν1(PO4) symmetric and ν3(PO4) 328 

antisymmetric stretching mode [34]. The absorption peak at 1430-1470  329 

cm-1 was attributed to antisymmetric NH4
+ bending [35]. The band at 450 cm-1 may correspond 330 

to Mg-O vibrations or the (PO4) symmetric bending mode [36]. The characteristic transmission 331 

at 2300-2900 cm-1 and the slight peaks at 694, 750, and 880 cm-1 were related to the H2O 332 

stretching mode and the water vibration mode. These  peaks confirmed that the struvite was 333 

successfully precipitated.  334 

The efficiency of MAP production and product quality can be enhanced by controlling the 335 

precipitation parameters to adjust the size and morphology of the crystals. The shape and size 336 

of crystals have a strong impact on the properties of the final product and the efficiency of 337 

downstream processes, such as settleability, filtering, and drying [37]. Therefore, to achieve 338 

highly effective fertilizer, it is important to determine the dependence of MAP crystal 339 

morphology on reaction conditions. Here, the MAP crystal structure was evaluated with 340 

optical and scanning electron microscopy. The size of the crystals, including diameter, length, 341 

and width, was estimated based on SEM images using ImageJ® according to the protocol 342 

proposed by Higgins [38]. Optical and SEM images of the crystals for samples No. 1-6 343 
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confirmed the results from the XRD and FTIR measurements. Pure MAP crystals with various 344 

morphologies were synthesized as shown in Figures 3D and S3AB. The samples exhibited a 345 

sponge-like internal structure with cracks, fractures, and pores on its surface. Since the 346 

reaction substrates originate from wastewater containing numerous organic and inorganic 347 

components, such defects may result from the stresses induced by incorporating the other 348 

species into the crystal lattice. Another explanation is that irregularities come from the 349 

secondary restructuring governed by the Ostwald ripening mechanism [39,40]. MAP 350 

crystallized into orthorhombic pyramidal crystals with an average size of 351 

23.29±3.74x14.07±4.80 µm (length x width of the (001̅) face). The crystals consist of {001} 352 

pedions, {101} and {012} domes, and {010} pinacoids [41]. A schematic representation of 353 

hemimorphic MAP crystals has been demonstrated in several scientific reports [37,41]. The 354 

higher ammonium concentrations produced a sharp outcrop of the top (001) face [37] within 355 

this hemimorphic structure of MAP. Hemimorphism causes the parallel top (001) and bottom 356 

faces (001̅) not to be symmetrically equivalent. When the pH of the reaction mixture was set 357 

to 9, MAP crystals developed a rod-like shape (orthorhombic shape) (Figure S3C). The irregular 358 

surface shown in Figure 3D suggests that the crystals had begun to transform into a typical 359 

needle-like shape [42] when the reaction was terminated. The crystal-to-crystal 360 

transformation phenomenon is even more evident in Figure S3B, in which both pyramids and 361 

needles are observed. Due to irregular shapes, the actual crystal size was difficult to determine 362 

with ImageJ. 363 

Real-time optical microscopy evaluation of sample No. 1 during a 2-hour experiment revealed 364 

that tiny MAP crystals (13.99±2.09 μm) were formed immediately after the commencement 365 

of the reaction (Figure 3E). Subsequently, the crystals quickly (30 min) developed a 366 

hemimorphic structure, which remained stable during the total duration of the experiment (2 367 

h). The crystals resembled those visualized by SEM, thereby confirming the presence of 368 

orthorhombic pyramidal MAP crystals with an average size of 30.23±6.92x16.44±6.10 µm 369 

(length x width of the (001̅) face). After 2 h of the reaction, the pyramids remained stable with 370 

an average length of 26.83±6.84 μm. However, needles were also present in the mixture, 371 

attesting to the crystal transformation observed in SEM. 372 

3.3.2 Group No. II 373 

In the next stage (Group No. II), to increase the efficiency of nitrogen recovery and the yield 374 

of recovered phosphates, an external source of phosphate salt (KH2PO4) was added; however, 375 

its content did not exceed 31.8% (molar basis)(Figure 4A). The initial molar ratio of Mg2+:PO4
3-376 

:NH4
+ was set to 1:1:1 for experiments No. 4-6. The reaction mixture contained 67.2% (molar 377 

basis) of the recycled byproducts generated on the WWTP (C2 and ADL) and only 31.8% of 378 

synthetic additives to maintain the optimal molar ratio during MAP precipitation. The system, 379 

therefore, is still in line with the idea of the circular economy. The conversion degree of the 380 

ions (in experiment No.3, at initial pH 8), was 56.8% for orthophosphate, 45.2% for ammonium 381 

nitrogen, and 72.9% for magnesium ions, suggesting the formation of MAP. An increase in the 382 

pH value to 9 (No.5) enhanced the recovery of the reagents, in which the degrees of Mg2+ and 383 

PO4
3- ions concentrations were above 80% (Table 4). Unlike in group No. I, when considering 384 

the effect of stirring on the reactivity of the ions, we did not observe any change in conversion 385 

degrees in sample No. 6 which was similar to that of No. 4. This is in agreement with a previous 386 

study [43], in which the stirring had an impact only on the crystal growth rate and not the 387 
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efficiency when the molar ratio is 1. It is not, however, valid when ammonium is in excess. 388 

Therefore, to ensure homogeneity, mixing of 100 rpm is recommended. 389 

 390 

Figure 4. Characterization of phosphate salts from group No. II (Table 2, samples No. 4-6) with 391 

sample No. 4 as a representative: (A) Pie chart presents the origin and percentage molar 392 

contribution of substrates in the precipitation. C2 and ADL were mixed in a proper proportion 393 

and an external source of orthophosphates (KH2PO4) was added to achieve the ratio of 394 

Mg2+:NH4
+:PO4

3- of 1:1:1; (B) FTIR spectrum of the sample No. 4 revealed the functional groups 395 

of MAP; (C) XRD pattern of sample No. 4 confirmed the presence of MAP; (D) SEM-EDS 396 

micrograph of MAP with a typical prismatic plate-like shape of crystals elongated in the 397 

longitudinal axis. EDS identified elements such as oxygen, magnesium, potassium, and 398 

phosphorus, consistent with the composition of MAP; (E) real-time optical microscopy 399 

evaluation of sample No. 4 during a 2-hour experiment. MAP crystals with a hemimorphic 400 

structure appeared after 1 minute of the reaction 401 

The XRD pattern of sample No. 4 (Figure 4C) was compared to that of sample No. 1, and the 402 

same peaks were observed at 2θ, corresponding to the characteristic crystal planes of MAP; 403 

however, the intensity for the (020) and (022) crystal plane was lower for sample No. 4. This 404 

suggests that the MAP crystal growth in sample No. 4 occurs primarily along the (111) 405 

crystallographic plane and can exhibit different crystal morphologies than those in sample No. 406 

1. It was previously proved that the crystal lattice structure and crystal defects along with 407 

external factors, such as the presence of impurities, and an excess of NH4
+ ions, can determine 408 

the morphology of the MAP crystals [37]. Despite differences in the crystal plane intensities, 409 

which can be seen in the XRD patterns of synthesized MAP No. 1 and No. 4, the FTIR spectra 410 

of precipitated samples No. 1 - No. 6 were comparable, and no significant shifts were observed 411 

(Figure 6A and Figure S2). FTIR (Figure 4B) revealed the functional groups of struvite 412 

confirming its presence in samples No. 4-6.  413 
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In Figure 4D, a typical prismatic plate-like shape of MAP crystals (at pH 8) with a length of 414 

25.99±13.15 µm elongated in the longitudinal axis was identified [44]. In contrast, MAP 415 

crystals at pH 9 appeared more rod-shaped with pointed ends (orthorhombic shape) (Figure 416 

S3C). If the reaction mixture (pH 8) was not subjected to stirring, the needle-like crystals 417 

emerged from a mineral center, acquiring a flower-like 3D structure (diameter of 43.69±11.69 418 

µm) (Figure S3D). EDS analysis of the precipitates revealed the presence of O, Mg, and P 419 

corresponding to the MAP composition. The Mg/P mass ratios of samples No. 1-6 calculated 420 

based on the EDS analysis were 0.76±0.05, 0.79±0.04, 0.81±0.02, and 0.83±0.03, respectively, 421 

and correspond well (No. 1 and 3) or very well (No. 4 and 5) to the theoretical MAP 422 

composition. EDS revealed a trace amount of calcium in MAP samples No. 1 and 3. Minerals 423 

No. 4 and 5 contained relatively high amounts of potassium (7.28±0.58 Wt% and 5.52±0.42 424 

Wt%, respectively) that originated in the wastewater streams. This result may suggest that K+ 425 

competes with ammonium ions for phosphates and precipitates as potassium MAP 426 

(KMgPO4·6H2O) from the solution containing an equimolar ratio of NH4
+, PO4

3-, and Mg2+. 427 

Therefore, the crystals observed in Figures 4 and S3D are a mixture of potassium and 428 

ammonium MAP salts. 429 

Crystals of sample No. 4 identified in Figure 4E correspond to those visualized in SEM images 430 

(Figure 4D). Urchin-like crystals with an average size of 42.33±21.32 μm appeared in the 431 

system within 1 min of the initiation of the reaction and then grew until they reached 432 

63.15±10.70 μm after 2 h. After 2 h, needle-like crystals began to transform into x-like and 433 

twin shapes with an average length of 49.06±11.30 μm.  434 

3.3.3 Reproducibility of the process  435 

The controlled struvite precipitation process was performed via crystallization in a 436 

thermostated batch reactor (Figure 5A) without any external additives (reaction conditions of 437 

test No. 2) and recovered phosphates at a rate of almost 75% from ADL (Figure 5B). 438 

Simultaneously, this system reduced ammonia concentrations by 18%, and more than 90% of 439 

Mg2+ was consumed from C2 (Figure 5B). Even calcium ions were reduced by almost 25%, 440 

probably due to the local changes in the alkalinity of the mixture during the reaction, which 441 

favors the formation of calcium carbonate [45]. However, the initial number of Ca2+ moles is 442 

much lower than that of magnesium, ammonium, and phosphate species, which suggests that 443 

its presence could be neglected. Insets in Figure 5B show the optical images of the crystals 444 

that precipitated during the reaction. Struvite-like crystalline forms (needles) appeared within 445 

30 min of the reaction and remained stable until the end of the process (120 min). The change 446 

in the numbers of moles of magnesium and ammonium confirms this observation since they 447 

reached a constant value within 30 min of the reaction. The experiment confirmed the 448 

reproducibility of the process in a higher-volume reactor and is a solid base for technology 449 

scale-up. Achieving scalability necessitates addressing the remaining unreacted concentrates. 450 

Significantly, no additional chemicals were used for precipitation. This allows the residual 451 
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concentrates to seamlessly reintegrate into the main stream, ensuring no discernible increase 452 

in the overall load. 453 

 454 

Figure 5. The precipitation test with conditions of experiment No. 2 was performed in a 455 

thermostated reactor with a reaction volume of 12 L. (A) Schematic representation of the 456 

precipitation test with process conditions and photos (inset) of the empty (left) and filled with 457 

reaction mixture (B) reactor; (B) Plot of reaction kinetics (number of reagents moles vs. time). 458 

3.3.4 Quality of the MAP 459 

Crystal size distribution (CSD) and ICP instrumental analyses were used to determine the 460 

quality of the precipitated MAP in sample No. 4 (Figure S4). As shown in Figure S4, 50% of the 461 

MAP crystals had an average diameter (d50) of 20.44±0.33 µm. Comparable values were 462 

estimated with the aid of SEM images and ImageJ® (Figure 3D), where the average length of 463 

prismatic plate-like MAP crystals was 25.99±13.15 µm. Crystals with a diameter below 464 

5.39±0.26 µm were marked in less than 10% (d10) in sample No. 4 and may correspond mainly 465 

to MAP crystallization nuclei. However, 90% of all MAP crystals were no larger than 52.37±0.67 466 

µm. The average crystal size of MAP produced by means of pure reagents is within the range 467 

of 40-60 µm. The size of the crystals precipitated using real reject water instead of pure 468 

reagents, was significantly smaller [46]. This phenomenon arises from the presence of 469 

suspended solids or organic and inorganic impurities in real WWTP by-streams, which may act 470 

as nucleation sites, may reduce, or block active growth sites on the surface of the crystals [47].   471 

Table 5. Content of heavy metals in MAP No. 4 (source Regulation (EU) 2019/1009 of the 472 

European Parliament and of the Council of 5 June 2019 established rules to make EU fertilizing 473 

products available on the market and amended Regulations (EC) No 1069/2009 and (EC) No 474 

1107/2009 and repealed Regulation (EC) No 2003/2003 ). DS – dry solids. 475 

Element Precipitate Regulation Element Precipitate Regulation 

Cd < 0.5 mg/kg DS 3mg/kg DS Pb < 0.5 mg/kg DS 120 mg/kg DS 

Cr (VI) < 5 mg/kg DS 2 mg/kg DS As < 0.5 mg/kg DS 40 mg/kg DS 

Hg < 0.5 mg/kg DS 1mg/kg DS Cu < 0.5 mg/kg DS 300 mg/kg DS 
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Ni < 0.5 mg/kg DS 100mg/k DS Zn 91±31 800 mg/kg DS 

In addition to the size of the crystals, it is also necessary to analyse the purity of the obtained 476 

salts, especially in the context of the presence of heavy metals. The content of these elements 477 

in MAP precipitated from waste is among the most important concerns for its utilization as 478 

fertilizer. Table 5 presents the concentrations of heavy metals, such as cadmium (Cd), 479 

hexavalent chromium (Cr VI), mercury (Hg), nickel (Ni), lead (Pb), and arsenic (As), in 480 

precipitate No. 4, and the limits of these elements specified in the EU regulations (Regulation 481 

(EU) 2019/1009 of the European Parliament and of the Council of 5 June 2019) established 482 

rules to make EU fertilizing products available on the market and to amend Regulations (EC) 483 

No 1069/2009 and (EC) No 1107/2009 and repeal Regulation (EC) No 2003/2003). EU 484 

regulations stipulate that the concentrations of As, Ni, and Pb must not exceed 40, 100, and 485 

120 mg/kg DS, while Hg, Cr(VI), and Cd, which may pose a greater risk to animal or human 486 

health, their maximum content in DS must not exceed 1 mg/kg  2 mg/kg and 3 mg/kg, 487 

respectively. ICP analysis of sample No. 4 (Table 5) shows that the concentrations of all heavy 488 

metals were below the detection limit, specified as 0.5 mg/kg DS; except for Cr, which is listed 489 

in the EU regulations as an ion (Cr (VI)) and not an element like the rest. Our study also dealt 490 

with total chromium (*Cr). The total chromium is composed of both Cr(VI) and Cr(III), as shown 491 

in Table 5. The Cr concentration in the precipitate was below 5 mg/kg DS. Unlike Cr(VI), Cr(III) 492 

is not carcinogenic; rather, it is an important microelement for humans, animals, and plants 493 

[48], [49]. Moreover, the uncertainty of measurement at the limit of quantification is 494 

predominantly higher; therefore, hexavalent chromium is compliant with EU regulations. As 495 

detailed in Table 5, following EU regulations, the maximum permissible concentrations of the 496 

micronutrients copper (Cu) and zinc (Zn) are 300 mg/kg and 800 mg/kg, respectively. In the 497 

precipitated MAP, the amount of Cu was fund to be below the detection limit of 0.5 mg/kg 498 

and Zn was 91 mg/kg DS. The zinc content in dry matter positively affects the use of precipitate 499 

No. 4 as a fertilizer additive, as Zn influences nitrogen metabolism, photosynthesis, and plant 500 

growth processes [50].  501 

4 Discussion 502 

In this study, we selected energy-saving membrane processes (ultrafiltration (UF) and 503 

nanofiltration (NF)) with ionic exchange (IE) as a system that valorizes secondary effluent to 504 

recover value-added products towards the circular economy. This study may be the 505 

foundation to transform wastewater treatment plants into resource recovery facilities.  506 

Secondary effluent contains valuable components, e.g., water as well as calcium and 507 

magnesium ions which are usually lost when discharged to surface waters. Our system based 508 

on nanofiltration with recirculation enables the concentration of those nutrients and the 509 

simultaneous recovery of a high volume of purified water. Recirculation mode, however, may 510 

pose a risk of membrane fouling and scaling, thereby decreasing overall NF separation 511 

performance. Those phenomena are typically prevented by antiscalants. Most anti-scaling 512 

agents inhibit carbonate, phosphate, and sulfate crystallization and are not effective in fouling 513 

reduction. Since the antiscalant mechanism is believed to inhibit mineral nuclei formation and 514 

delay crystal growth [51,52], its presence in C2 during precipitation could block MAP 515 

crystallization. Therefore, antiscalants were not applied in this study. In our previous work, we 516 

showed that proper pretreatment through ultrafiltration enables the successful long-term 517 

performance of the NF membrane [3]. Here, UF was used to remove suspended solids which 518 
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could foul the NF membrane in the next stage of SE separation. UF-NF recovered ~90% of 519 

purified water as a permeate I and produced 10-time concentrated retentate (C0). C0 was 520 

enriched not only with cations but also with sulfates and humic acids, which could affect the 521 

ultimate precipitation of MAP [53]. To limit the addition of chemicals, we used IE to remove 522 

those anions. Moreover, thanks to this, IE filtrate free of scalling anions could be further 523 

concentrated to recover purified water (98%) and produce much smaller volume of Ca/Mg-524 

rich C1 (2%).  525 

Purified water (Permeates I and II) meets the standards of various types of water, as presented 526 

in our previous study [26], and hence can be used as a technological medium in several 527 

processes at WWTPs and for agricultural and industrial applications. Additionally, in several 528 

aspects, permeate conforms to the drinking water standards. In our previous paper [26], we 529 

demonstrated that commonly used disinfection processes, such as UV254, together with 530 

chlorination [29], treat NF permeates to have the microbiological water quality and reduce 531 

ammonia below the tolerable limits. Therefore, the integration of an additional disinfection 532 

step could purify the permeates to the level of safe drinking water. Softened water was 533 

obtained because of the high retention rates of magnesium and calcium ions, which could be 534 

used in the industry for heating and cooling, as a solvent, as water for cleaning or firefighting, 535 

or as an easy-to-manage source of potable water [30]. 536 

Next, we managed the byproduct of water reclamation, Ca/Mg-rich (C1) concentrate as a 537 

recycled reagent in MAP precipitation. We focused on MAP production since it is a desirable 538 

fertilizer for plant growth as it slowly releases micronutrients, such as N and Mg [54–56]. To 539 

reduce the number of synthetic reagents, we used ADL, another byproduct from a wastewater 540 

treatment plant, as a source of ammonium and phosphate ions (Table 1). The exploitation of 541 

these two byproducts (concentrates and ADL) in the production of MAP is highly promising. 542 

However, acquisition of this mineral is strictly dependent on process conditions, such as the 543 

reagent molar ratio and pH. The molar ratio of Ca/Mg plays an important role in precipitation. 544 

Ca2+ ions inhibit the formation of MAP crystals when Ca/Mg is above 1 because phosphate 545 

ions have a higher affinity for Ca2+ than Mg2+ [57–59]. Literature data show that to form MAP 546 

in a system with a higher content of Ca2+ than Mg2+, it is necessary to add more magnesium 547 

ions as an external source (MgCl2) to lower the Ca/Mg molar ratio below 1 [60]. This does not, 548 

however, guarantee the production of a pure product, as it results in the coprecipitation of 549 

several phases. At a Ca/Mg molar ratio of 0.5, both the MAP and amorphous phases coexist 550 

in the system [57]. In turn, Crutchik and Garrido (2011) [12], to obtain pure MAP in a system 551 

containing Ca2+, increased the molar ratio of NH4
+:PO4

3- from 1 to 4.7, but the molar ratio of 552 

Ca/Mg remained below 1. Neither of these solutions is satisfactory, as both require additional 553 

supplementation of phosphate ions as well as magnesium and ammonium ions. Our goal was 554 

to use the smallest possible amount of external synthetic reagents to maintain the appropriate 555 

molar ratio of crystal lattice components; thus, MAP would be obtained and the reaction 556 

efficiency would be improved. Therefore, to recover all the valuable nutrients in the form of 557 

pure MAP from concentrate and ADL, calcium ions were recovered from C1 by adding sodium 558 

carbonate. As a result, C2, which was poor in Ca was yielded. Thus, the recovery of ions, such 559 

as magnesium, phosphate, and ammonium, was successful without the addition of external 560 

reagents (experiment No. 1-3, Table 4) or with a slight supplementation of phosphate ions 561 

(37%) (experiments No. 4-6 in Table 4). MAP precipitates under alkaline conditions (pH above 562 

7), in which its solubility decreases and reaches a minimum at pH 9 [61]. Thus, to recover 563 

valuable nutrients in the form of MAP, we increased the pH of the reaction mixture to 8.0 and 564 



18 
 

9.0. When the pH of the reaction solution is more alkaline, the phosphate ion recovery 565 

increases significantly due to the higher concentration of the HPO4
2- ion, which promotes the 566 

formation of Mg-bearing phosphate salts [62]. The recovery of Ca2+ ions by calcium carbonate 567 

precipitation lowered the Ca/Mg molar ratio to 0.017 (No. 4) and 0.25 (No. 1). In these 568 

conditions, with a low amount of interfering Ca2+ ions, magnesium ions could interact 569 

effectively with ammonium and phosphate ions to form MAP nuclei that could further be 570 

combined in surface-mediated dissolution-reprecipitation reactions followed by aggregation, 571 

leading to the formation of pure x-like MAP (Figures 3D and 4D). This leads to a reduction in 572 

the number of crystals (Figure 4D) and an increase in crystal diameter up to 49.06±11.30 μm.  573 

In congruence with mass transfer, the growth rate of crystals increases with increasing 574 

concentration driving force, and the crystals grow due to the following major steps: (1) 575 

transport of the solute from the bulk of the solution to the crystal surface-liquid interface, and 576 

(2) surface integration or accumulation of the solute molecules in the layers of the growing 577 

crystal. Consequently, the higher the concentration of the crystal lattice ions is, the faster the 578 

crystals reach equilibrium and, as a result, differ in size and morphology. MAP crystals that 579 

develop more slowly tend to be more tubular or prismatic due to more balanced growth along 580 

all the crystal axes [63]. While growing rapidly, MAP crystals are typically dendrimeric and X-581 

shaped because of preferential growth along one crystal axis [63]. In our studies, despite the 582 

same molar ratio of Mg2+:NH4
+:PO4

3-, the amount of the ions of MAP lattice crystals (PO4
3- and 583 

Mg2+) in moles was twice as low that in reaction mixture No. 1 (Group No. I) than in system 584 

No. 4 (Group No. II). As a result, the crystals grow slower in sample No. 1 than in No. 4 (Figure 585 

4D). Even an excess of ammonium ions (x20) in system No. 1 (Table 2) did not favour crystal 586 

growth because the content of the rest of the lattice crystal ions was significantly lower (Table 587 

2) compared to that of reaction No. 4. Furthermore, in reaction mixture No. 1, the organic 588 

impurities and other interfering ions such as Ca2+ (which greater than in system No. 4 by 10-589 

fold, Table 2) can more strongly affect not only the nucleation but also the MAP crystal growth 590 

stages compared to system No. 4. This is because the amount of these impurities in relation 591 

to the content of Mg2+ and PO4
3- in reaction No. 1 was greater than that in reaction No. 4. 592 

Organic compounds (from C2 and ADL, Table 1) that possess functional groups, such as 593 

carboxylic, phenolic, carbonyl, and hydroxyl groups, can form complexes with free Mg2+ ions 594 

(lowering the access of these ions for phosphates), and adsorb at active sites of the formed 595 

crystals, which blocks crystal growth [64–66]. In turn, Ca2+ ions can also gather close to the 596 

solid-liquid interface and form complexes on the newly formed crystals. This affects the solid-597 

liquid mediated processes during Ostwald ripening and finally slows MAP crystal growth. As a 598 

result, in system No. 1, tubular and pyramidal crystals of MAP formed. Regarding the effect of 599 

mixing on MAP precipitation (No. 1-6), we observed that smaller crystals formed in the system 600 

with agitation (No. 1 and 4) than in the system without mixing (No. 3 and 6). This occurs 601 

because the magnetic stirrer exhibits an abrasive or grinding impact, that impedes the 602 

formation of a higher number of smaller crystals in the solution [67].  603 

Finally, we assessed the quality of our struvite crystals by analyzing the heavy metal content 604 

and CSD in the final product. The impurity level is a especially critical factor determining the 605 

usability of MAP as a fertilizer. Recovered streams of natural sources widely employed for 606 

MAP production usually come with contaminants (e.g. heavy metals and organic matter) 607 

which may co-precipitate or co-exist with MAP, decreasing the overall quality of the fertilizer 608 

[68,69]. Limited research focuses on the impurity content in the final crystals since its 609 

minimization requires the pre-removal steps such as chemical precipitation [70]. As evidenced 610 
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by ICP-OES, we successfully produced highly purified MAP crystals with a low heavy metal 611 

degree, which follows the EU regulation No. 2019/1009 establishing rules to make EU 612 

fertilizing products available on the market. EDS also confirmed that the only non-struvite 613 

components in our samples are calcium (~1 wt.%) and potassium (~7wt.%) with remaining 99 614 

and 93 wt.% of pure MAP. 615 

The CSD is an important feature of MAP since it dictates its applicability e.g. in agriculture as 616 

a cheap fertilizer. Larger crystals are slightly more favorable in industrial production due to 617 

faster sedimentation and easier post-handling steps. Smaller crystals have a greater release 618 

rate of nutrients due to their higher surface area [37]. Our MAP crystals had relatively small 619 

size, but narrow CSD which is preferable for further post-processing, e.g. granulation [71].  620 

5 Conclusions 621 

To meet the challenge of circular economy in WWTP, within this study, we present a hybrid 622 

membrane-based technology for SE recycling to produce (1) purified water (permeates), and 623 

(2) macronutrient-rich concentrates (retentates) as reagents in MAP precipitation from ADL.  624 

We are likely the first to have demonstrated that SE can be a source of clean water and 625 

valuable microelements (magnesium ions) for phosphorus recovery from ADL as struvite. Our 626 

membrane-based technology (UF-NF-IE-NF) led to the total recovery of 98% of the water from 627 

SE as permeates and 2% of highly concentrated Ca2+/Mg2+-rich concentrates (C1/C2) as 628 

retentates. Recovered water (permeates) meets the standards of various types of water; 629 

hence, can be used as a technological medium in several processes at WWTPs and for 630 

agricultural and industrial applications. Additionally, reclaimed water may achieve the 631 

drinking water standards, after undergoing disinfection, such as UV254, together with 632 

chlorination to conform to the microbiological water quality and reduce ammonia below the 633 

tolerable limits.  634 

The results showed that the UF-NF-IE-NF process was capable of concentrating magnesium 635 

and calcium ions in retentates by ~30 and ~13 times, respectively. The multistep configuration 636 

of the operations was necessary to efficiently remove main impurities, such as solids and 637 

sulfates that could adversely affect phosphate precipitation along with final product purity 638 

and quality. The final Mg2+ concentration in C1 was sufficient to begin precipitation tests of 639 

phosphate salts.  640 

In the MAP formation procedure, it was necessary to sequester Ca2+ from the concentrates by 641 

adding sodium carbonate solution to precipitate CaCO3. Reaction conditions affected the size 642 

and morphology of MAP crystals, leading to the development of typical MAP crystal forms, 643 

such as pyramids, needles, and x-shapes. XRD confirmed the high crystallinity of the final 644 

product. Our approach was reproducible and led to the production of MAP with a narrow 645 

crystal size distribution. The final product had high purity as evidenced by the lack of heavy 646 

metals embedded within the crystal structure or adsorbed on its surface. We showed that the 647 

appropriate selection of process conditions enables a high degree of phosphate removal 648 

(>90%), completely dispensing with additives. Still, the addition of an external source of 649 

phosphate is recommended to obtain a higher yield of MAP production.  650 

Our results demonstrated that the Mg-rich concentrate provides an opportunity for MAP 651 

formation by adapting problematic byproducts, such as retentates, from water reclamation 652 

and ADL. The recycling and management of the produced by-streams may close the water 653 
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loop in WWTP in conformity with the zero waste concept. Reclaimed water could meet cooling 654 

water standards, and the byproduct can be recycled to produce valuable magnesium (struvite) 655 

phosphate salts that could be beneficially reused in agriculture.  656 

Our future study will include a comprehensive assessment of the economic feasibility of our 657 

proposed process. This assessment will encompass the evaluation of costs, potential 658 

economic benefits, and feasibility considerations, aimed at ensuring the readiness of the 659 

process for scaling up. We anticipate that the advantages derived from selling both water and 660 

struvite will considerably outweigh the associated costs of the technology, particularly given 661 

the substantial recovery of water (98%) from the secondary effluent. 662 
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