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Abstract: Ammonia and phosphate, which are present in large quantities in waste streams such as 8 

livestock manure, are key compounds in fertilisation activities. Their recovery will help close the 9 

natural cycles and take a step forward in the framework of a circular economy. In this work, a lab- 10 

scale three-chambered microbial electrolysis cell (MEC) has been operated in continuous mode for 11 

the recovery of ammonia and phosphate from digested pig slurry, to obtain a nutrient concentrated 12 

solution as a potential source of fertilisers (struvite). The maximum average removal efficiencies for 13 

ammonium and phosphate were 20%±4% and 36%±10%, respectively. The pH of the recovered so- 14 

lution was below 7, avoiding salt precipitation in the reactor. According to Visual MINTEQ software 15 

modelling, an increase of pH value to 8 outside the reactor would be enough to recover most part 16 

of the potential struvite (0.21 mmol L-1 d-1), while magnesium addition to the nutrient recovered 17 

solution up to 0.2 mM would enhance struvite production from 5.6 to 17.7 mM. The application of 18 

three-chambered MECs to the recovery of nutrients from high strength wastewater is a promising 19 

technology to avoid ammonia production through industrial processes or phosphate mineral ex- 20 

traction and close nutrient natural cycles. 21 

Keywords: Struvite, ammonia, phosphate, nutrient recovery, livestock manure, microbial electrol- 22 

ysis cell. 23 

 24 

1. Introduction 25 

Intensive livestock farming is a strategic economic activity in different areas of Eu- 26 

rope that generates large amounts of manure. Fertilizing crops with livestock manure is a 27 

common waste management practice. Another possibility is to digest the manure anaer- 28 

obically, recovering energy from waste in the form of biogas [1], with the option of using 29 

digestates also as soil fertilizer. Livestock manure can improve soil fertility by adding or- 30 

ganic matter and nutrients to soil. However, manure or its digestates usually contain a 31 

high concentration of nutrients that hampers their direct application to soils. Uncontrolled 32 

applications of slurry to the soil could have negative effects on the environment, such as 33 

nitrate groundwater contamination or freshwater eutrophication [2]. Due to environmen- 34 

tal concerns, there are legal limitations for the application of livestock manure to soil. 35 

These limitations may involve the exportation of livestock manure surplus to distant 36 

farmlands, which will increase transportation cost. 37 

An alternative to traditional livestock manure management is the implementation of 38 

the circular agrosystems approach. This proposal implies the consideration of livestock 39 

manure as a nutrients resource [3], among others, that must be recovered and reintro- 40 

duced to a closed loop agriculture. There are several technologies that allow closing the 41 

nutrients cycle, mainly recovering nitrogen and phosphorus to produce fertilisers, strip- 42 

ping and absorption [4], membrane distillation technologies [5,6], and vacuum 43 
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evaporation [7], among others [8]. The combined nitrogen and phosphorus recovery can 44 

be achieved by struvite precipitation [9]. Struvite is a salt composed of ammonia, phos- 45 

phate and magnesium, heptahydrate, which has been described as a slow-release ferti- 46 

liser. The struvite formation reaction is as follows: 47 

Mg2+ + NH4+ + HnPO43-n + 6H2O → MgNH4PO4 + 6H2O + nH+   (1) 48 

In addition to more conventional nutrient recovery technologies, bioelectrochemical 49 

systems (BES) are emerging as candidates for the recovery of multiple resources from 50 

wastes [10,11]. BES can be operated as an independent technology, or in combination with 51 

other technologies, such as anaerobic digestion [12], allowing for the concomitant recov- 52 

ery of energy or other compounds coupled to nutrient recovery. BES are devices where 53 

electrogenic microorganisms catalyse oxidation and/or reduction reactions at an electrode 54 

(anode and/or cathode, respectively). BES have been tested with different configurations 55 

for ammonia recovery. Ammonia recovery BES are generally based on the migration of 56 

ammonium through a cation exchange membrane (CEM) by two-chamber cells coupled 57 

to ammonia stripping or hydrophobic membranes [5,12,13]. On the other hand, the recov- 58 

ery of phosphate in BES is performed by precipitation or migration through anion ex- 59 

change membranes (AEM) [14]. A triple-chamber microbial fuel cell (MFC) has been used 60 

for phosphate remobilization from iron phosphate contained in digested sewage sludge 61 

[15]. Recently, a four-chamber microbial electrolysis cell (MEC) has been reported to 62 

achieve an 80% recovery efficiency of phosphorus in the form of hydroxyapatite [16]. A 63 

submersed BES has also been used to recover nutrients from a synthetic solution [17]. 64 

Several studies have dealt with the recovery of struvite in BES [18]. Single chamber 65 

cells have been tested [19–23], showing that pH buffering may limit the recovery of phos- 66 

phate [24]. To overcome this limitation, multi-chamber cells have also been devel- 67 

oped. The phosphate recovery process improves in double-chamber BES [25], due to the 68 

separation between the anode and the cathode. This separation creates an alkaline envi- 69 

ronment around the cathode, which favours the precipitation and recovery of phosphate 70 

[10]. To promote bulk phase struvite precipitation and minimize cathode scaling, a fluid- 71 

ized bed cathode MEC was developed and fed with domestic wastewater treatment plant 72 

digestate [26]. Using a magnesium anode, struvite has been recovered in the anode com- 73 

partment of a MEC fed with digested swine wastewater [27]. 74 

These previous studies on BES struvite recovery have shown different drawbacks. 75 

On the one hand, struvite precipitates mainly on the cathode, which makes it difficult to 76 

recover the salt and reduces cathode performance [21,24]. On the other hand, the presence 77 

of organic matter may reduce the purity of struvite, due to salt crystallisation around par- 78 

ticles [9]. Hence, the design of BES for nutrients recovery has evolved to three-chamber 79 

BES to treat synthetic wastewater [28,29], synthetic urine [30], urine [31,32], domestic 80 

wastewater [33] or rejected water from the anaerobic digesters of centralised wastewater 81 

treatment plants (WWTPs) [34]. A multiple chamber cell has also been operated with 82 

wastewater for the recovery of nutrients to obtain struvite [28]. 83 

 However, issues such as the low solubility of phosphate in substrates with high or- 84 

ganic and solid content must be addressed [35,36]. Furthermore, complex substrates pro- 85 

vide a variety of cations and anions that not only compete with ammonium and phosphate 86 

for migration across ion exchange membranes but can also affect struvite recovery from 87 

the nutrient concentrate solution. In this study, a three-chamber MEC setup is proposed 88 

to recover ammonium and phosphate from a high organic and nitrogen strength 89 

wastewater (digested livestock manure) providing new insights in these relevant issues. 90 

With this configuration, struvite precipitation in the reactor will be avoided, minimising 91 

salt precipitation on the electrodes and/or membranes, so that it can be carried out inde- 92 

pendently of the BES reactor [37]. Furthermore, the struvite obtained will be recovered in 93 

a clean solution, free of organic matter.   94 
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The aim of this study is to evaluate a three-chamber MEC for the recovery of ammo- 95 

nium and phosphate from livestock manure, to obtain struvite. Continuous assays have 96 

been performed under different pH conditions and phosphate concentrations, using di- 97 

gested livestock manure. Visual MINTEQ software has been used to model the struvite 98 

formation potential of the concentrate solution obtained with each condition. 99 

2. Materials and Methods 100 

2.1. Experimental set-up 101 

An H-type three-chamber MEC was constructed, which consisted of three 0.6 L glass 102 

bottles connected with side openings (Figure 1). A cation exchange membrane (CEM, di- 103 

mensions: 20 cm2; Ultrex CMI-7000, Membranes International Inc., Ringwood, NJ, USA) 104 

was placed between the side openings of the first and second (or intermediate) bottle (an- 105 

ode and recovery compartments, respectively). An anion exchange membrane (AMI-7100, 106 

Membranes International Inc., Ringwood, NJ, USA) with the same dimensions of the CEM 107 

was inserted between the second and third bottle (cathode compartment). The recovery 108 

compartment was equipped with a magnetic stirrer. A piece of carbon felt (dimensions: 109 

175 cm2; thickness: 3.18 mm; Alfa Aesar GmbH and Co KG, Karlsruhe, Germany) was 110 

used as the anode; and a 304 stainless steel mesh was used as the cathode (dimensions: 111 

156 cm2; mesh width: 150 μm; wire thickness: 112 μm; Feval Filtros, Spain).  112 

The anode (working electrode) potential was poised to -300 mV by a potentiostat 113 

(VSP, Bio-Logic, Grenoble, France) in a three-electrode mode. An Ag/AgCl reference elec- 114 

trode (Bioanalytical Systems, Inc., USA; +197 mV vs. standard hydrogen electrode, SHE) 115 

was inserted into the anode compartment of the cell. All potential values in this paper 116 

refer to SHE. The potentiostat recorded electrode potentials and current, every 5 min, us- 117 

ing a computer with EC-Lab software (Bio-Logic, Grenoble, France). 118 

. 119 

Figure 1. Scheme of the set-up of the three-chambered MEC. 120 

2.2. Feeding solutions 121 

The digestate used to feed the anode compartment of the MEC was collected from a 122 

5 L lab-scale thermophilic anaerobic digester, which was fed with pig slurry. The pig 123 

slurry was collected in a farm in Gurb (Catalonia, Spain), sieved (500 µm) and diluted 124 

before feeding the anaerobic digester. The digestate was stored at 6º C until its use and 125 

sieved (125 µm). The composition of the sieved digestate is summarised in Table 1.  126 

The digestate was fed on the first place to the anode compartment to recover ammo- 127 

nium, and then the anodic effluent was circulated to feed the cathode compartment and 128 
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recover phosphate. The catholyte was modified in certain assays to achieve the different 129 

conditions tested during the experiment (Table 2). pH was modified in order to assess the 130 

effect of this parameter over phosphate solubility. Phosphate is mainly present in the par- 131 

ticulate matter of manure and can be released into the liquid fraction as soluble inorganic 132 

phosphate by lowering the pH [35]. When acidifying was performed, H2SO4 (95-97%) was 133 

added to the effluent of the anode compartment before using it as feed to the cathode 134 

compartment. Since the phosphate concentration of the substrate that was used in the as- 135 

says was relatively low (Table 1), KH2PO4 was added (16 g L-1) according to Table 2, either 136 

in the catholyte or in the anolyte, in order to test in some of the assays a substrate with a 137 

higher phosphate concentration.  138 

Table 1. Composition of the digested pig slurry used as substrate (average ± standard deviation). 139 
Number of samples, n=8. 140 

Parameter Unit Value 

pH - 7.7±0.2 

COD mg L-1 14473±981 

Na+ mg L-1 941±72 

NH4
+ mg L-1 1897±395 

K+ mg L-1 2042±152 

Ca2+ mg L-1 407±199 

Mg2+ mg L-1 176±77 

PO4
3- mg L-1 143±120 

SO4
2- mg L-1 151±115 

 141 

The recovery compartment was filled with 600 mL of distillate water, which was re- 142 

placed after each assay.  143 

2.3. Reactors operation 144 

The anode carbon felt was inoculated with the same digested pig slurry described in 145 

Section 2.2, filling completely the anode compartment with digestate. The star-up con- 146 

sisted of operating the MEC in batch mode for one week and then in continuous mode for 147 

3 weeks (data not shown).  148 

After the start-up, the MEC was operated for 115 days in 6 different phases (Table 2), 149 

using the substrates amended or not, according to Section 2.2. After each change in feed- 150 

ing conditions, the MEC was operated for at least 4 HRT to ensure steady-state conditions. 151 

The influent solutions from both the anode and the cathode compartments were fed 152 

in continuous mode with a pump at 12 mL h-1 and mixed by recirculating them by an 153 

external pump. Anodic effluent was circulated to feed the cathode compartment and mod- 154 

ified when required (Table 2). 155 

The hydraulic retention time (HRT) was 41 h and 36 h for the anode and the cathode 156 

compartments, respectively, while the recovery compartment was operated in batch. The 157 

organic and nitrogen loading rates (OLR and NLR) of the anode compartment were es- 158 

tablished at 8.5 kgCOD m-3 day-1 and 0.9 kgN m-3 day-1, respectively. Discrete samples were 159 

taken from the anode, cathode and recovery compartments on weekdays. The MEC was 160 

operated at room temperature throughout the tests (23±2 ºC). 161 

 162 

 163 
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Table 2. Operational phases of the MEC and modification of the anolyte or catholyte, regarding pH value or phosphate 164 
content. 165 

Phase Period (d) Anolyte Catholyte 

1 0-16 Not modified Not modified 

2 16-25 Not modified pH modified to 6 

3 25-49 Not modified pH modified to 5 

4 49-73 Not modified 
pH modified to 5 

Addition of KH2PO4 * 

5 73-86 Not modified Addition of KH2PO4 * 

6 85-115 Addition of KH2PO4* Not modified 

  * 16 g L-1. 166 

2.4. Analytical methods and calculations 167 

Chemical oxygen demand (COD) was determined in the anolyte and effluent sam- 168 

ples. pH was determined in the influents and effluents of the anode and cathode compart- 169 

ments, and in the recovering compartment samples by a CRISON 2000 pH electrode. All 170 

the analyses were performed following Standard Methods [38].  171 

Anions (Cl-, NO3-, NO2-, PO43-, SO42-) and cations (Na+, K+, NH4+, Ca2+, Mg2+) concen- 172 

trations were measured by ionic chromatography (IC) by an 861 Advanced Compact IC 173 

(Metrohm, Switzerland). A Metrosep A Supp 4 (Metrohm, Switzerland) column with a 174 

Metrospt A Supp 4/5 Guard pre-column and a CO2 suppressor were used for anions de- 175 

termination. A Metrohm C4 150/4.0 column (Metrohm, Switzerland) and a Metrosep C4 176 

Guard pre-column were used for cations determination. Prior to the IC analysis, samples 177 

were diluted and filtrated with nylon (0.45 mm) and BonElut JR C18 microfilters (Varian, 178 

USA). 179 

The current density (A m-2) of the MEC was calculated as the quotient between the 180 

intensity recorded by the potentiostat (A) and the area of the anode (m2). Ammonium, 181 

phosphate and COD removal efficiencies were calculated as the ratio of the difference 182 

between the anode compartment influent and cathode compartment effluent concentra- 183 

tions and the influent concentration (mg L-1). The recovery rate of the different ions was 184 

calculated as the ratio between the mass (mg) of each ion accumulated in the recovery 185 

compartment and the elapsed time (d).  186 

A balance of charge was performed to evaluate the number of electrons that were 187 

used for ions migration through the CEM and AEM.  When calculating charge, Q, a dis- 188 

tinction was made between transport of negative charges in the form of electrons through 189 

the electric circuit, and transport of positive (Q+) and negative (Q-) charges in the form of 190 

the dominantly present cations (Na+, K+, NH4+, Ca2+, and Mg2+) and anions (Cl-, PO43- and 191 

SO42-), respectively. Total charge production, Q, expressed in coulombs (C) was deter- 192 

mined by integrating current over time. Transport of charges in the form of ions in the 193 

system through the membrane, Q+ or Q-, expressed in coulombs (C) were determined as 194 

follows: 195 

 196 

Q+ = ∑cat (xcat,t ·V· zcat ·F)    (2) 197 

Q- = ∑an (xan,t ·V · zan · F)     (3) 198 

 199 
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with xcat,t and xan,t the molar cation or anion concentration of each ion species in the 200 

recovery compartment at the end of an experimental run expressed in mol L-1 (M), V the 201 

recovery compartment liquid volume expressed in litres (L), zcat and zan the valence of the 202 

cation or anion species, respectively, and F the Faraday’s constant (96 485 C mol-1) 203 

2.5. Struvite potential recovery 204 

A theoretical calculation was carried out to evaluate the struvite recovery potential 205 

of the solutions obtained in each assay, using Visual MINTEQ (KTH, Sweden, 206 

https://vminteq.lwr.kth.se/). Visual MINTEQ (ver. 3.1) is a chemical equilibrium software 207 

that allows for the calculation of speciation, solubility, solid equilibrium, and the mineral 208 

dissolved phases in laboratory and natural aqueous systems.  209 

Concentrations of the major interest ions present in the solution obtained in each as- 210 

say (Na+, K+, NH4+, Ca2+, Mg2+, Cl-, PO43- and SO42-) were introduced in the modelling pro- 211 

gram, with a temperature of 25 °C. Precipitation and aqueous reactions were provided by 212 

the standard databases in the chemical equilibrium program Visual MINTEQ. The sweep 213 

utility of the software was employed to calculate the mass of struvite that could be pre- 214 

cipitated when increasing pH value between 6 and 11. The same utility was employed to 215 

evaluate the amount of struvite obtained when increasing the amount of magnesium pre- 216 

sent in the solution. 217 

3. Results and discussion   218 

3.1. Performance of the MEC  219 

The current density produced by the MEC in the different phases of operation is 220 

shown in Figure S1. Phase 3 and Phase 4 were the periods with a higher average current 221 

density, reaching 0.26 A m-2 (Table 3), although the differences among the phases were 222 

not significantly different. The current densities obtained in these assays are slightly lower 223 

than the obtained in previous work performed with similar digested pig slurry and OLR, 224 

using H-type cells with adjacent anode and cathode compartments, where 0.35 A m-2 were 225 

achieved [5]. The increase in distance between the anode and the cathode in this assay, 226 

since the recovery compartment was placed between them, may have increased the elec- 227 

trical resistance of the system and reduced in turn the current density [39].  228 

The average COD removal efficiency was in a range of 21-34%, with no significant 229 

differences among the different phases (Table 3). This COD removal efficiency is similar 230 

to the one reported by previous assays where a MEC was fed with a similar pig slurry 231 

digestate [5], and is typical of BES working with complex substrates such as food or agri- 232 

cultural wastes [40]. 233 

Table 3. Summary of the main operation parameters of the MEC in the different phases of digestate operation (average ± 234 
standard deviation). Phase 1: not amended feeding was used (n=7); Phase 2: catholyte acidified to pH 6 (n=4); Phase 3; 235 
catholyte acidified to pH 5 (n=8); Phase 4: catholyte acidified to pH 5 and phosphate amended (n=6); Phase 5: phosphate 236 
amended catholyte (n=4); and Phase 6: phosphate amended anolyte (n=7). 237 

Phase Current density (A 

m-2) 

COD removal 

efficiency (%) 

NH4+ removal 

efficiency (%) 

PO43- removal 

efficiency (%) 

1 0.10±0.06 - 29±14 89±3 

2 0.17±0.09 - 16±6 55±1 

3 0.26±0.18 21±7 11±2 52±23 

4 0.25±0.12 24±7 11±7 17±7 

5 0.17±0.09 32±8 7±2 5±5 

6 0.21±0.06 34±12 20±4 36±10 

- Not determined. 238 

 239 
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Ammonia removal efficiency during Phase 1, with no substrate modification, was of 240 

29%, slightly higher than the 23% obtained in previous assays performed by Cerrillo et 241 

co-workers (2021b) with similar conditions. The phases with acidification of the catholyte 242 

(Phase 2, 3 and 4) reduced this removal efficiency to a range of 7-16%, while the amend- 243 

ment of the anolyte with phosphate with no pH adjust (Phase 5), increased the removal 244 

efficiency value to 20%. In phases 3 to 5, the ammonium concentration of the cathode ef- 245 

fluent was generally higher than in the anode effluent. This fact has been previously re- 246 

ported by other authors when operating three-cambered cells with urine or domestic 247 

wastewater, indicating that the AEM allowed the permeation of part of the nitrogen re- 248 

covered in the intermediate compartment [31,41]. Dissolved ammonia gas can be trans- 249 

ported through the AEM as an uncharged species by diffusional forces only, as described 250 

before [42].  251 

Regarding phosphate removal efficiency, the higher value with PO43- amendment 252 

(Phases 4 to 6) was achieved in Phase 6 (36%). In general, the reduction of pH by H2SO4 253 

addition decreased PO43-removal due to competition with sulphate anions. Previous elec- 254 

trodialysis studies have reported that the PO43- removal efficiency decreased due to the co- 255 

existence of accompanying ions in the feed solution, especially when competing to SO42-, 256 

reducing PO43- removal efficiency from 50.7% to 29.5% [43]. 257 

Other authors have reported the use of three-chambered cells for the recovery and 258 

concentration of nutrients. Koskue and co-workers operated a three-chambered cell for 259 

ammonia recovery and achieved higher recovery values of 75.5% with synthetic reject 260 

water and 53% with real reject water [34]. The use of a complex wastewater with other 261 

cations such as Na+, Ca2+, and Mg2+ present in the organic matrix may decrease NH4+ re- 262 

moval efficiency, since they would compete with NH4+ ions for current driven migration 263 

[37]. Besides, the back diffusion of NH4+, due to the high concentration in the recovery 264 

chamber, can decrease the recovery efficiency. Li and co-workers operated a MEC in batch 265 

mode and achieved removal efficiencies from synthetic wastewater of 36 and 30% for 266 

NH4+ and PO43-, similar to the ones obtained in this assay, although increasing the pairs of 267 

ion exchange membranes exhibited a higher removal efficiency of 79% and 79%, respec- 268 

tively (Li et al., 2020). Ledezma and co-workers achieved 59.7% removal of the nitrogen 269 

from the anodic compartment, and 42.8% of the phosphorus in a MEC supplied with syn- 270 

thetic urine [31].  271 

 272 

3.2. Ions accumulation in the recovery compartment 273 

The rate of accumulation of the main ions in the recovery compartment of the MEC 274 

system is shown in Figure 2. During the operating period of the system with unmodified 275 

digested slurry (Phase 1), no PO43- was detected in the recovery compartment, with Cl- 276 

being the dominant anion in the solution. With regard to cations, K+ (12.6 mg d-1), followed 277 

by NH4+ (6.8 mg d-1), were the ones that accumulated the fastest. When acidifying the 278 

catholyte to pH 6 (Phase 2), to solubilize the phosphate that may be present in the slurry, 279 

the increase of SO42- in the recovery solution was observed, promoted by H2SO4 addition 280 

to the catholyte, as well as a slight increase in the Cl- transfer rate. Both NH4+ and K+ also 281 

increased their accumulation rate to 14.0 mg d-1 and 19.2 mg d-1, respectively. This increase 282 

in accumulation rates may be related to the increase in current density produced in this 283 

phase (Table 2). In contrast, PO43- remained undetected in the recovery compartment so- 284 

lution, probably due to the increase from 51 to 167 mg L-1 of PO43- concentration achieved 285 

by acidification to pH 6. The acidification of the catholyte to pH 5 (Phase 3) also failed to 286 

significantly solubilize PO43-, achieving a maximum value of 375 mg L-1 in the catholyte. 287 

Instead, the accumulation of Cl- and SO42-increased, also accompanied by a greater accu- 288 

mulation of NH4+ (39.9 mg d-1) and K+ (32.4 mg d-1). Since PO43- is mainly adsorbed on the 289 

particulate matter of pig slurry, and the substrate was sieved before use, it is evident that 290 

little PO43- to be solubilised remained in the substrate. 291 
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The amendment of the catholyte with KH2PO4 to simulate a higher PO43- content of 292 

the substrate (Phase 4) while maintaining the acidification of the catholyte (pH 5), reduced 293 

the transfer rate of Cl- and SO42- compared to previous phases, in favour of PO43- (51.3 mg 294 

d-1), being the most favourable condition of those tested regarding PO43- migration. The 295 

PO43- transfer was slightly reduced (35.7 mg d-1) when the acidification of the catholyte 296 

was eliminated (Phase 5), probably due to the decrease in current density of this phase. 297 

Finally, the addition of PO43- to the anolyte in the form of KH2PO4 (Phase 6) maintained 298 

the PO43- migration achieved in Phase 5. On the other hand, the increase in K+ in the feed- 299 

ing to the anode compartment caused an increase in the migration of this one (35.2 mg d- 300 
1) to the detriment of NH4+ (8.5 mg d-1). 301 

Since the current density produced in the MEC affects the migration of ions across 302 

the CEM and AEM, these results must also be analysed in the framework of the electrical 303 

charge balance, as described in Section 3.2. 304 

 305 

Figure 2. Accumulation rate of NH4+, K+, Na+, PO43-, SO24- and Cl- in the recovery compartment in the different phases. 306 
Phase 1: not amended feeding was used; Phase 2: catholyte acidified to pH 6; Phase 3; catholyte acidified to pH 5; Phase 307 
4: catholyte acidified to pH 5 and phosphate amended; Phase 5: phosphate amended catholyte; and Phase 6: phosphate 308 
amended anolyte. 309 

3.2. Electrical charge balance  310 

Figure 3 shows the rate of charge transfer in the system, in order to compare the 311 

number of electrons transferred from the anode to the cathode, with the number of posi- 312 

tive and negative charges migrated through the cation and anion exchange membranes, 313 

respectively. As can be seen in Figure S2, the phases with the highest charge transferred 314 

have been the two in which the catholyte has been acidified to pH 5. In general, the 315 

transport of charges in the form of cations has been slightly higher than that of anions, 316 

and also higher than the amount of charge transferred in the form of electrons, except in 317 

Phase 2 and 6. This may be due to the diffusion of uncharged species (NH3), as described 318 

before. So, while the migration of anions consumed 95%, 79% and 78% of the electrical 319 

charge transferred by electrons in Phases 4 to 6, with PO43- amended substrates, cations 320 

represented 104%, 133% and 87%, respectively. 321 

NH4+ represented 39%, 43%, 42% and 41% of the cations charge content in the recov- 322 

ery solutions of Phases 2, 3, 4 and 5, respectively, with a high competition of K+, which 323 

represented 50%, 33%, 37% and 43% in the same phases. This distribution was strongly 324 

affected in Phase 6, with the addition of KH2PO4 to the anolyte, causing a decrease of NH4+ 325 

charge in the recovery solution to 16%, while K+ one increased to 65%. Although Na+ has 326 

been described as a strong competitor for NH4+ migration, due to a similar hydrated ra- 327 

dius (0.358 nm and 0.331 nm, respectively) [37,44], in this study Na+ has represented only 328 

between 6% and 17% of the positive charges in the recovery solution. This lower partici- 329 

pation in cation migration of sodium may be due to its lower concentration compared to 330 

NH4+ or K+ in this substrate (Table 1). 331 
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 332 

Figure 3. Amount of charge transferred through the electrical circuit (electrons) compared to charge accumulated in the 333 
recovery compartment in the form of anions (C-) and cations (C+). Phase 1: not amended feeding was used; Phase 2: cath- 334 
olyte acidified to pH 6; Phase 3; catholyte acidified to pH 5; Phase 4: catholyte acidified to pH 5 and phosphate amended; 335 
Phase 5: phosphate amended catholyte; and Phase 6: phosphate amended anolyte. 336 

Regarding PO43-, this anion accounted for 43%, 56% and 42% of the negative charges 337 

that were present in the recovery solution in Phases 4 to 6, respectively, the KH2PO4 338 

amended phases. SO42- competed strongly with phosphate when the catholyte was acidi- 339 

fied in Phase 4, representing 30% of the negative charge of the recovery solution. This 340 

proportion decreased to 17% and 3% when acidification step was supressed in Phase 5 341 

and Phase 6, respectively. In the acidified catholyte in Phase 4, most of phosphate is as a 342 

monovalent species (H2PO4-). SO42- has a smaller hydrated radius (rh = 0.23 nm) and a 343 

higher valence; thus, it moves across the membrane faster than H2PO4- (rh = 0.302 nm). 344 

These facts, added to the increase in SO42- concentration in the catholyte due to acidifica- 345 

tion with H2SO4, have decreased PO43- removal. The increase in pH of the catholyte in 346 

Phase 5 and Phase 6 caused a shift of the H2PO4- anions to their multivalent forms, HPO42- 347 

and PO4-3, which have a higher tendency to move across the AEM, reducing the compe- 348 

tence of SO42- [43]. 349 

Thus, the use of a complex substrate, with a wide variety of anions and cations ac- 350 

companying NH4+ and PO43-, limits the concentration of the main components of struvite 351 

in the recovery solution. However, it must be deciphered whether these companion ions 352 

may hamper struvite obtaining when the suitable pH conditions are provided, as will be 353 

discussed in Section 3.3. 354 

 355 

3.3. Struvite potential recovery  356 

The concentration of the main components of the recovery solution obtained in the 357 

intermediate compartment after each assay is shown in Figure 4. Since these solutions 358 

were intended to be used to recover struvite, which precipitates at basic pH [9], Visual 359 

MINTEQ software was used to estimate the amount of salt that could form in each condi- 360 

tion if pH was externally modified (Figure S3). The recovery solution obtained in Phases 361 

1 to 3 would not be suitable for struvite precipitation due to their low content of PO43-. 362 

However, hydroxyapatite (Ca5(PO4)3(OH)) would be recovered in small amounts (<2 363 

mmol L-1) in all the pH range, and brucite (Mg(OH)2) would form at pH values of 10 and 364 

11, thanks to the small amounts of Ca2+ and Mg2+ present in the solutions.  365 
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 366 

Figure 4. Composition of the main ions in the concentrated solution of the recovery compartment after each condition 367 
tested. Phase 1: not amended feeding was used; Phase 2: catholyte acidified to pH 6; Phase 3; catholyte acidified to pH 5; 368 
Phase 4: catholyte acidified to pH 5 and phosphate amended; Phase 5: phosphate amended catholyte; and Phase 6: phos- 369 
phate amended anolyte. 370 

Hydroxyapatite would still form in the solutions recovered in Phases 4 to 6, although 371 

struvite would precipitate when increasing the pH to 7, being the main component of the 372 

recovered solid. The maximum amount of struvite would be obtained at pH 10 (5.4, 3.7 373 

and 5.6 mmol L-1 in the solution recovered in Phase 4, 5 and 6, respectively), although at 374 

pH 8 the recovering efficiency would be similar with a lower alkali consumption. The 375 

solution recovered in the intermediate compartment has a pH lower than 7, thus avoiding 376 

uncontrolled precipitation of struvite inside the reactor, as shown by the mathematical 377 

model. 378 

The estimated struvite recovery rate in Phases 3 to 6 at pH 8 would be of 0.24, 0.22 379 

and 0.21 mmol L-1 d-1. Added to hydroxyapatite formation, nearly 39% of the phosphate 380 

and 14% of the ammonium recovered in the intermediate compartment would be precip- 381 

itated in a salt that could be used as a fertiliser in Phase 6 (Table 4). Mg2+ is clearly the 382 

limiting component to increase the amount of recovered struvite, since 99% of this cation 383 

is forming precipitates. The external addition of a Mg2+ source would enhance struvite 384 

recovery, as shown in Figure S4. A concentration of 0.23 mmol L-1 of Mg2+ in the recovery 385 

solution of Phase 6, at pH 8, would increase the concentration of struvite to 17.7 mmol L- 386 
1, thus tripling the value obtained with no Mg2+ addition. In this case, 84% and 41% of the 387 

PO43- and NH4+ of the recovery solution would be precipitated.  388 

Table 4. Estimation of the fraction of precipitated components on the recovery solution in each phase when adjusting pH 389 
to 8. Phase 4: catholyte acidified to pH 5 and phosphate amended; Phase 5: phosphate amended catholyte; and Phase 6: 390 
phosphate amended anolyte. 391 

Phase NH4+ 

(%) 

PO43- 

(%) 

Mg2+ 

(%) 

4 4.5 33.0 99.5 

5 4.8 23.6 99.1 

6 13.6 38.9 98.9 

 392 

Struvite recovering outside the MEC by increasing pH is proposed over inside pre- 393 

cipitation to increase the practicality of the system. Salt collection in an independent tank 394 

is simpler, and scaling is avoided, especially on the ion exchange membranes, which will 395 

decrease BES performance [37].  396 

Mg
2+

 Ca
2+
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The use of pig slurry or digestate with a high phosphate concentration, instead of 397 

KH2PO4 amended and acidified, will reduce the amount of K+ or SO42- present in the sub- 398 

strate and their competition with NH4+ or PO43- in the migration through the CEM and 399 

AEM, respectively. This way, the ratio between the later cation and phosphate will equil- 400 

ibrate and enhance struvite recovery. To assure the presence of soluble PO43- in the sub- 401 

strate, a solubilisation step may be needed, which will preferably be applied to raw or 402 

digested pig slurry previous to any mechanical separation treatment.  403 

4. Conclusions  404 

The suitability of a three-chamber MEC for the recovery of ammonium and phos- 405 

phate from a high organic and nitrogen strength wastewater (digested pig slurry) has been 406 

demonstrated. The maximum average ammonium and phosphate removal efficiencies 407 

were 20%±4% and 36%±10%, when the substrate was amended with KH2PO4 to simulate 408 

a high phosphate content pig slurry. In addition, the COD was reduced by 34%±12%. Am- 409 

monium represented a maximum of 43% of the positive charges of the recovered solution, 410 

due to strong competition of potassium cations, while phosphate reached a maximum of 411 

56% of the negative charges. The pH value of the recovered solution was kept under 7, 412 

avoiding struvite precipitation in the reactor, which represent an advantage over other 413 

MEC configurations for struvite recovery that promote struvite precipitation inside the 414 

reactor. Visual MINTEQ software showed that increasing the pH value of the concentrate 415 

solution to 8 outside of the reactor would be enough to recover most of the potential stru- 416 

vite (0.21 mmol L-1 d-1). However, magnesium addition to the recovered nutrient solution 417 

up to 0.2 mM would be needed to enhance struvite production from 5.6 to 17.7 mM. Sol- 418 

ubilisation of phosphate reveals as a key issue in struvite recovery from livestock manure 419 

in BES, since acidification with H2SO4 may interfere, on the one hand, with biomass 420 

growth in the anode compartment, and on the other hand, with phosphate migration. 421 

Phosphate solubilization techniques compatible with BES performance should be evalu- 422 

ated to improve the recovery efficiency of the system. Furthermore, it would be feasible 423 

to apply this technology for the treatment of other complex substrates rich in nutrients, 424 

mainly those produced in the agro-industrial sector. This way, the recovery of ammonia 425 

and phosphate in the form of struvite, a slow-release fertiliser, will help close the nutrients 426 

natural cycles.  427 
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