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Abstract 10 

The concepts of sustainability and circular economy in wastewater treatment have recently 11 

gained momentum and they are fundamentally pursued to minimize and eliminate 12 

environmental impacts associated with wastewater. In this study, the concept of circular 13 

economy was explored in the treatment of municipal wastewater, through phosphate recovery 14 

and its use towards the production of phosphoric acid. To this end, real wastewater was treated 15 

with calcium hydroxide (hydrated lime) in batch experimental studies. Ammonia was removed 16 

(42%) thought stripping, while phosphate was practically removed through calcium phosphate 17 

synthesis and precipitation. This was then used for phosphoric acid production through the 'wet' 18 

process (sulphuric acid addition), while calcium sulphate (gypsum) was also co-produced. The 19 

results were underpinned by state-of-the-art analytical techniques, including ICP-MS, FIB-20 

FESEM, EDS, FTIR, XRF, and XRD. It was identified that an increase in calcium phosphate 21 

dosage led to an increase in phosphate concentration (from 0 to 200 ppm) and a reduction of 22 

sulphate levels (from 70,000 ppm to 15,000 ppm). A fast reaction rate between calcium 23 

phosphate and sulphuric acid was also observed, with the optimal reaction time being 15 min. 24 
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However, results suggest the need for phosphate pre-concentration in municipal wastewater, 25 

along with the need to study the effect of temperature and different stoichiometries. To improve 26 

the sustainability of the process, product water can also be reclaimed, after further treatment, 27 

e.g., for agricultural use, while the recovered phosphorous can also address, at least partly, the 28 

problem of the dwindling global phosphate rock reserves. Findings from this study highlight 29 

that wastewater reuse can be used to meet UN’s sustainable development goals and create 30 

opportunities for green employment, social well-being, and ecological health, while at the same 31 

time freshwater ecosystems will be protected from eutrophication. By reclaiming or recovering 32 

valuable products that have commercial value from wastewater the running costs of this 33 

technology could be offset, thus making the process self-sustainable. As such, the proposed 34 

initiative will ensure the sustainable management of the ever-increasing municipal wastewater 35 

quantities and address problems of emerging concern, such as water scarcity and phosphate 36 

shortage. 37 

Keywords: Phosphate (H2PO4
-, HPO4

2-, PO4
3-) recovery; wastewater treatment; water 38 

reclamation; calcium sulphate or sulfate (gypsum); calcium hydroxide; sustainable 39 

development goals (SDG). 40 

1 Introduction  41 

The rapid depletion of the commercial reserves of phosphorus (P) has been a matter of 42 

emerging concern, since we might already be beyond the safe operating space for sustainable 43 

human development, while stresses attributed to climate change, such as soil erosion, further 44 

add to the prevailing problems [1]. P is mainly consumed by the fertilizer industry, with 45 

fertilizer production alone being responsible for around 80% to 90% of the global demand for 46 

phosphate rock [2], a non-renewable mineral resource that is depleting at an alarming rate. 47 
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Existing estimates suggest that the global phosphate rock reserves may be depleted as soon as 48 

50 to 100 years [3], which would have grave consequences for humanity [4]. Therefore, the 49 

situation surrounding the dwindling global phosphate rock reserves has mounted pressure to 50 

identify and utilize alternative P sources for the fertilizer industry [5]. To this end, the body of 51 

knowledge has focus on sustainable P recovery and recycling practices [4], particularly in the 52 

quest of closing the global P loop and identifying value chains where recovery serves as supply 53 

and recycling as demand [6]. Municipal wastewater can be an ideal source for P recovery, since 54 

it is rich not only in P (phosphates) but also in ammonia (NH3) and other chemical species, 55 

which, if recovered, can be beneficial for fertilizers production and for reducing the use of 56 

virgin materials [7]. The underlying reason is that municipal wastewater contains a significant 57 

fraction of the P that has been already applied to agriculture [8], which through human 58 

metabolic activities (phospholipids) is excreted in human waste along with NH3 (urea) [9]. 59 

Furthermore, P and NH3 removal is also beneficial for the sustainable management of the ever-60 

increasing quantities of municipal wastewater [10]. The discharge of raw or poorly treated 61 

municipal wastewater causes detrimental effects to receiving aquatic ecosystems since, among 62 

others, high nutrient content leads to eutrophication [9]. As a result, aquatic plants and algae 63 

will disproportionately grow and infest the hosting ecosystems. Of prime concern is the 64 

creation of a thick layer, popularly known as green scum, on the water surface, mainly 65 

comprising algae and green plants which block sunlight penetration, impair the aesthetic value, 66 

deplete the water dissolved oxygen, reduce aquaculture production and render water unsuitable 67 

for consumption due to microcystins [11, 12].  68 

 Anoxic conditions affect biodiversity and the ability of the environment to foster life, which 69 

also affects reliant human communities, while malodour, attributed to plants decomposition 70 

ensues [13]. Nutrient dynamics (TN:TP ratio) affect the phytoplankton assemblages, which 71 
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could be dominated by a variety of cyanobacteria (e.g., Anabaena sp., Microcystis wesenbergii, 72 

Gomphosphaeria aponina and Microcystis aeruginosa and/or diatoms (e.g., Aulacoseira 73 

granulate) [14].To make things worse, increased hydrological variability (floods and droughts) 74 

attributed to climate change also affects eutrophication [15], and can even transform freshwater 75 

ecosystems from oligotrophic to eutrophic [16]. 76 

The extent of the problem  is evident from the fact that globally around 80% of wastewater is 77 

released untreated or is not reused [17]. Therefore, practical and sustainable treatment solutions 78 

for nutrients removal from municipal wastewater need to be adopted at large scales and 79 

particularly in the developing world where population is growing at an alarming rate, and the 80 

rate of waste generation is greater than the treatment capacities. The harvesting of P will 81 

minimize or eliminate ecological impacts related to nutrients enrichment thus not only 82 

protecting aquatic ecosystems but also reliant human communities.  83 

To date, P has been removed from municipal wastewater using different methods and 84 

mechanisms [18-20], including adsorption [21], magnesium ammonium phosphate (MAP) 85 

precipitation [13], filtration [22], ion exchange [23], phyto-remediation, and bio-sorption [24]. 86 

Among them, MAP (also known as struvite) precipitation, has emerged as a promising 87 

treatment method (high treatment efficiencies can be achieved while struvite can be used as a 88 

slow-release fertilizer [13]), particularly when viewed under the resource recovery, recycle and 89 

beneficiation paradigm. Nonetheless, specific molar ratios for magnesium (Mg), P, and NH3 90 

are required to trigger and maintain the struvite precipitation process, while struvite per se 91 

cannot simply replace the use of phosphoric acid (H3PO4) in the agricultural industry overnight. 92 

More importantly, the precipitation method cannot be employed for phosphoric acid 93 

production, owing to Mg’s high solubility and NH3 availability [25]. The use of poly-cations 94 

of Al3+ and Fe3+ has been explored for P removal, but P recovery was limited due to the formed 95 
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complex and solubility of metals in acid [26]. However, base metals, such as Ca and Mg, have 96 

high affinity to P and scavenging abilities and thus have been widely employed for P removal 97 

[27, 28]. Furthermore, Ca-based minerals are abundant and typically are readily availability, 98 

while Ca does not precipitate impurities typically found in wastewater as compared to Mg-99 

based reagents [28]. Therefore, the use of Ca-based minerals, such as lime, could be a relatively 100 

simple method for P recovery from municipal wastewater and towards phosphoric acid 101 

production.  102 

However, the body of knowledge in this regard is limited, with the literature on calcium 103 

phosphate (Ca3(PO4)2) recovery from wastewater, the precursor raw material for phosphoric 104 

acid production, focusing on more complex processes, such as electrochemistry [8, 29], 105 

ozonation and crystallization [30], and filtration [10], including membrane bioreactors (MBR) 106 

[31].For example, Meesschaert, et al. [32] used calcium chloride to recover P, as calcium 107 

phosphate, from nitrified upflow anaerobic sludge blanket (UASB) effluent and explore its 108 

potential use for the production of phosphoric acid using the “wet” process. However, a study 109 

examining the feasibility of phosphoric acid production when using hydrated lime or quicklime 110 

and real municipal wastewater in the South African context, i.e., a typical example of a 111 

developing country that struggles with the management of municipal effluents due to aging 112 

infrastructure, population explosion, and mismanagement, is still pending. Thenceforth, this 113 

work was conceptualised with the aim of exploring the potential use of hydrated lime for P 114 

removal, as calcium phosphate, from real municipal wastewater and demonstrate the feasibility 115 

of producing phosphoric acid and gypsum (calcium phosphate) using the “wet” process. This 116 

will go a long way in minimizing the impacts of releasing raw municipal wastewater on the 117 

receiving environment. It will also foster the concept of circular economy in wastewater 118 
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treatment via the valorisation of municipal wastewater and also advance the agenda of the 119 

sustainable development goals (SDG) as alluded in the UN report [33]. 120 

2 Phosphoric acid production system 121 

The first step towards phosphoric acid production is the recovery of phosphate, as calcium 122 

phosphate, from the municipal wastewater. This was achieved by adding calcium hydroxide 123 

(Ca(OH)₂), popularly known as hydrated or slaked lime, in the wastewater matrix, which would 124 

scavenge the P content as reported by Dunets and Zheng [28]. Calcium phosphate was then 125 

used towards phosphoric acid production by reacting, in a batch experimental procedure, with 126 

sulphuric acid (H2SO4), following the typical 'wet' process The final product is phosphoric acid, 127 

while gypsum (CaSO4·2H2O) is also co-produced.. Therefore, phosphoric acid from 128 

wastewater is produced in a stepwise fashion, where the first step is P recovery from real 129 

municipal wastewater, in the form of calcium phosphate and the second step is the reaction of 130 

the recovered calcium phosphate with sulphuric acid (wet process) towards phosphoric acid 131 

and gypsum (by-product) production (Figure 1). In addition, the treated (product) water, after 132 

calcium phosphate recovery, could be reclaimed, after further treating,  with different  polishing 133 

technologies such as filtration [11], adsorption [34, 35], phytoremediation [36], and ion 134 

exchange [37] depending on its final use. This intervention will also enhance water security 135 

and eliminate potential ecological impacts that could emanate from the discharge of partially 136 

treated municipal wastewater. 137 
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 138 

Figure 1: Schematic illustration of the stepwise calcium phosphate synthesis and phosphoric 139 

acid production system. 140 

3 Materials and methods 141 

3.1 Material and reagents procurement and raw wastewater collection 142 

Hydrated lime was procured from Protea chemicals (Pty) Ltd and sulphuric acid (80% v/v) was 143 

procured from Merck chemicals (Pty) Ltd. The phosphate rich municipal wastewater was hand 144 

collected from a municipal wastewater treatment facility in Tshwane municipality, Gauteng 145 

province, South Africa. Specifically, the raw wastewater was collected from a sludge 146 

dewatering stream using high-density polyethylene (HDPE) wide-mouth bottles. Solids and 147 

debris were removed by filtration, using Macherey-Nagel filter papers (MN 615. Ø125mm), 148 
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and the samples were used immediately thereafter. All chemicals used herein were of analytical 149 

grade. To ensure accuracy and reproducibility, measurements were carried out in the South 150 

African National Standard (SANAS) accredited laboratory of Magalies Water (MW), North 151 

West province, South Africa. Experiments were performed in duplicate, and results are 152 

reported as mean values. 153 

3.2 Calcium phosphate synthesis 154 

The first step towards phosphoric acid production (and gypsum co-production) is the synthesis 155 

and recovery of calcium phosphate from the phosphate rich municipal wastewater. To this end, 156 

hydrated lime was added to the wastewater matrix, in a batch reactor (a 500 mL beaker in this 157 

case), and mixed. The optimal hydrated lime dosage and contact time conditions for calcium 158 

phosphate synthesis from municipal wastewater have been reported by Weaver and Ritchie 159 

[38] and Dunets and Zheng [28]. These conditions were adopted here. Specifically, the solid 160 

(hydrated lime) to liquid (wastewater) (S: L) ratio was kept in the range of 1 g : 100 mL, while 161 

the contact time (i.e., mixing duration) was 60 min. Lower ratios will lead to a lower recovery 162 

of P, while ratios higher than will 0.01 g L-1 will not significantly improve P recovery.  After 163 

treatment, the wastewater/hydrated-lime mixture was allowed to settle for 30 min to ensure that 164 

the crystallized sludge was fully settled. The supernatant was then moved to another beaker, 165 

pending further treatment depending on the desired use, while the sludge was collected and 166 

oven dried (at 105 ℃ for 24 hours). Finally, the dry sludge was milled into fine powder, by 167 

means of ball miller, and sieved using a 100 µm perforated sieve to obtain the desired particle 168 

sizes. 169 

3.3 Optimization of phosphoric acid production and gypsum synthesis 170 
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The second and final step is the production of phosphoric acid and gypsum (co-product), by 171 

reacting the milled calcium phosphate with sulphuric acid in a batch reactor (Figure 1). To 172 

identify the conditions that optimise phosphoric acid output monothetic analysis was employed, 173 

making use of the one-factor-at-a-time (OFAT) method. Specifically, OFAT was used to 174 

identify the optimal solid (calcium phosphate) to liquid (80% v/v sulphuric acid) (S:L) ratio. 175 

In particular, 71.43 mL of sulphuric acid  was added into 1 L of ultra-pure water to produce 176 

70,000 ppm (mg L-1) of sulphate solution (80% v/v sulphuric acid). Then, to study the effect 177 

of the S:L ratio a wide range of calcium phosphate dosages (2, 4, 6, 8, 10, 15, 20, 25, 30, and 178 

50 g) when keeping sulphuric acid (80% v/v) volume constant at 500 mL, i.e. S: L ratios from 179 

as low as 0.04:1 to as high 0.1:1 g mL-1 were examined. Each S:L ratio was mixed for 30 180 

minutes [39]. The supernatant and sludge were then taken for analysis using different analytical 181 

pieces of equipment, as is discussed below. 182 

3.4 Characterisation of liquid and solid samples 183 

The chemical composition of the raw and hydrated lime treated municipal wastewater was 184 

ascertain using the Thermo scientific inductively coupled plasma mass spectrometry (ICP-185 

MS), X-Series 2, equipped with the ASX-520 auto sampler and the Thermo Fisher scientific 186 

automated chemistry analyzer GalleryTM plus photo spectrometer. The pH and electrical 187 

conductivity (EC) were ascertained using a multi-component probe (HANNA instrument, 188 

HI9828).  189 

For the characterization of the solid hydrated lime, which was used for P scavenging from 190 

wastewater, as well as for the solid synthesised calcium phosphate and calcium sulphate 191 

(gypsum), state-of-the art analytical instruments were used (Table 1). Specifically, the 192 

morphological properties, surface functional groups, elemental composition, and mineral 193 
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phases of the aforementioned Ca-based minerals were measured. To this end, Fourier transform 194 

infrared spectroscopy (FTIR), X-ray diffraction (XRD), and X-ray fluorescence (XRF) were 195 

employed, along with a high resolution (HR) scanning electron microscope (SEM), equipped 196 

with focused ion beam (FIB) (Cobra column) -and energy dispersive X-Ray spectroscopy 197 

(EDS) capabilities (Table 1). 198 

Table 1: The equipment used to determine the properties of the hydrated lime and synthesized 199 

solid samples (calcium phosphate and gypsum). 200 

Analysis Instrument Made 

Mineralogical 

properties 

XRD The Aeris benchtop X-ray diffractometer equiped with a 

PIXcel detector and fixed divergence and receiving slits with 

Fe filtered Co-Kα radiation (λ=1.789Å). X’Pert High-score 

plus software was used for mineral phase identification. 

Elemental 

properties 

XRF The Thermo Scientific™ ARL™ PERFORM'X Sequential 

X-Ray Fluorescence Spectrometer. 

Morphology 

elemental, 

mapping, and 

spot properties 

HR-SEM-

EDS 

The Auriga Cobra HR-FIB-FESEM (Model: Sigma VP 

FESEM with Oxford EDS Sputtering System. Brand: Carl 

Zeiss, Supplier: Carl Zeiss, USA). 

Chemical 

functional 

groups 

FTIR Perkin-Elmer Spectrum 100 Fourier Transform Infrared 

Spectrometer (FTIR) coupled to Universal Attenuated Total 

Reflectance (ATR) sampling accessory with the diamond 

crystal. 

3.5 Geochemical modeling 201 
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To complement the experimental results and determine the aqueous species and mineral phases 202 

that are more likely to be synthesized from the interaction of calcium phosphate with the 80% 203 

v/v sulphuric acid, geochemical modelling was applied. The primary aim was to determine the 204 

speciation and calculate the saturation indices (SIs) of the mineral phases based on 205 

compositions. To fulfill that objective, PH REdox EQuilibrium (in C language) (PHREEQC) 206 

geochemical model along with the WATEQ4F chemical speciation model were used [40]. 207 

Furthermore, the chemical species which were more likely to precipitate were determined using 208 

the modelled saturation indexes (SI), whereby SI values lower than unity (< -1) denote an 209 

undersaturated solution, SI values equal to unity (= 1) denote a saturated solution and, lastly, 210 

SI values higher than unity (> 1) denote a supersaturated solution. 211 

4 Results and discussion 212 

4.1 Municipal wastewater quality before and after treatment 213 

The main parameters, pertaining to hydrated lime treatment, of the raw and treated  wastewater, 214 

i.e., sulphate (SO4
2−), NH3, Mg, Ca, and P. were measured using ICP-MS. Turbidity (expressed 215 

in Nephelometric Turbidity unit (NTU)) and pH were also measured using a multi-parameter 216 

probe. Results are shown in Figure 2. 217 
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 218 

Figure 2: The chemical composition of raw wastewater and of the treated effluent, i.e., after 219 

treatment with hydrated lime and calcium phosphate synthesis. 220 

As was expected, the raw wastewater (i.e., the sludge dewatering effluent) was rich in SO4
2−, 221 

NH3, and P, while lower quantities of Mg, and Ca were identified. However, after treating the 222 

wastewater with hydrated lime, the chemical composition of the effluent greatly changed due 223 

to attenuation of chemical species and Ca addition from the hydrated lime matrix. Specifically, 224 

a very large increase in Ca concentration was observed (Figure 1), which indicates the 225 

dissolution of hydrated lime into the effluent matrix. More importantly, P concentration 226 

drastically decreased, which is an indicator that a chemical reaction between hydrated lime and 227 

P took place leading to the removal of the latter. This is attributed to the strong affinity of Ca 228 

(contained in hydrated lime) with the phosphate content of the raw wastewater, with the 229 

scavenging mechanism shown below (equation (1)) [41]: 230 

5Ca2+ + 3HPO4
2− +  4OH− → Ca5(OH)(PO4)S↓ +  3H2O    (1) 231 
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Furthermore, a large (41.94%) reduction in the ammonia content was also observed after the 232 

hydrated lime treatment. This reduction is traced back to the basic nature of hydrated lime, 233 

which resulted to alkalinity increase during treatment and by extension to the stripping of 234 

ammonia as nitrogen gas, since pH values higher than 10 promote ammonia stripping [7]. This 235 

essentially obeys the Le Chatelier's principle of equilibrium. Specifically, pH increase leads to 236 

the conversion of most of the ammonia from its ionic form ( NH4
+) to the molecular form (NH3), 237 

which is a dissolved gas that can easily desorb from water and transferred to the air [42].  238 

Furthermore, alkalinity addition promotes the precipitation of the metals contained in 239 

wastewater and also leads to Mg precipitation in the form of brucite. The sulphur content was 240 

also observed to reduce, which suggest that gypsum is also formed. Turbidity was observed to 241 

have decreased and this could be explained by the attenuation of chemical species from 242 

municipal wastewater.  243 

Results indicate that phosphate has been practically removed, as calcium phosphate as will be 244 

discussed below, while SO4
2− and NH3 also reduced and Ca concentration grossly increased 245 

due to the use of hydrated lime for treatment. Therefore, it appears that wastewater is also 246 

preliminary treated, but not to the extent that it can be released to the environment [43]. This 247 

opens up a wide array of possibilities, since the preliminary treated wastewater can be further 248 

treated, most likely in a treatment train, and can be released to the environment [44] or used in 249 

agriculture [44, 45] or for groundwater recharge [44, 46] or even for drinking water [43, 47]. 250 

In South water boards provide bulk water to industries and municipalities and manage the water 251 

distribution system up to end users. Therefore, wastewater reuse paradigms can be introduced 252 

by water boards in South Africa, with the economic gains from the recovered P and from 253 
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reclaimed water (e.g., from their use in agriculture) to be used towards making the treatment 254 

process self-sustainable.  255 

However, apart from SO4
2− and NH3 the preliminary treated wastewater most likely also 256 

contains micropollutants such as pharmaceuticals and personal care products. Even though 257 

micropollutants are not expected possibly occlude the hydrated lime treatment process -even 258 

with existing conventional wastewater treatment processes these are only partially removed-, 259 

these should be considered in wastewater reuse schemes since they pose serious risks to the 260 

environment and human health [48]. Heavy metals such as copper, lead, nickel, zinc, and 261 

mercury commonly encountered in municipal wastewater [49], along less common heavy 262 

metals such as chromium (Cr) are most likely not to hamper wastewater reuse schemes since 263 

these are grossly removed by hydrated lime treatment (e.g., trivalent chromium precipitates as 264 

chromium hydroxide at pH was 8.5 when using lime [50]. Overall, wastewater reuse, 265 

particularly in agriculture and provided that the wastewater is properly treated [45, 51], can 266 

create opportunities for green employment [52], social well-being [53], and ecological health 267 

[54], and also offers an adequate strategy for preserving natural freshwater ecosystems from 268 

eutrophication [55]. 269 

4.2 Phosphoric acid and gypsum production  270 

After calcium phosphate synthesis and recovery, this is used to produce phosphoric acid and 271 

gypsum.To identify the effect of calcium phosphate dosage (mass) to the sulphuric acid volume 272 

(wet process) a wide array of different S:L ratios were examined. 273 

4.2.1 Effect of calcium phosphate dosage on phosphoric acid production 274 



15 

 

As mentioned above, the effect of S:L ratio (dried calcium phosphate to liquid 80% v/v 275 

sulphuric acid) can grossly affect the characteristics of the produced phosphoric acid and thus 276 

was examined using the OFAT method. First the effect of the S:L ratio on the pH and EC of 277 

the produced phosphoric acid is examined. Results are shown in Figure 3. Specifically, 278 

sulphuric acid is a strong acid, and this might affect the quality and quantity of the produced 279 

phosphoric acid. It will also affect gypsum synthesis. 280 

 281 
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Figure 3 (a and b): The effect of calcium phosphate dosage on the pH and electrical 282 

conductivity (EC) of the produced phosphoric acid, when keeping sulphuric acid’s volume 283 

constant (500 mL). 284 

As shown in Figure 3(a), there is a reduction in EC with an increase in calcium phosphate 285 

dosage (the sulfuric acid volume was kept constant at 500 mL), i.e., with increasing S:L ratios. 286 

This could be linked to the attenuation of the sulphate as gypsum from the produced phosphoric 287 

acid matrix. Furthermore, the regression analysis showed 98% fit, hence confirming that there 288 

is a direct relationship between dosage and EC. As mentioned above (Figure 2), sulphate is 289 

removed from the raw wastewater and migrates to the synthesized calcium phosphate matrix. 290 

It appears that low S:L ratios, i.e., low calcium phosphate dosages, promote sulphate 291 

dissolution in the produced phosphoric acid matrix, whereas high ratios promote sulphate 292 

precipitation as gypsum. This assertion is further supported by the results shown in Figure 4. 293 

Therefore, it is apparent that the rate of dissolution is proportional to the rate of adsorption, 294 

nucleation, crystallization, and precipitation, since the S:L ratio determines the partitioning of 295 

chemical species embedded in the calcium phosphate matrix. Furthermore, even though the 296 

produced sludge is slightly basic, owing to hydrated lime being one of its main precursor raw 297 

materials, the pH of the produced phosphoric acid remained acidic even at the higher end of 298 

the examined calcium phosphate dosage (50 g). This confirms the acidity of the produced 299 

phosphoric acid (Figure 3b). Specifically, the pH increased from 2 to ≈ 3.3 when the dosage of 300 

calcium phosphate increased from 2 g to 50 g. This demonstrate that there was an increase in 301 

hydroxyl group and a reduction in hydrogen protons, hence an increase in pH. Moreover, there 302 

was a fair relation between the pH and the dosage as confirmed by the regression analysis 303 

(R=0.78).  304 
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The effect of S:L ratio on the partitioning of the targeted chemical species, i.e., phosphate, 305 

sulphate, calcium, and magnesium, was then examined and results are shown in Figure 4. 306 

 307 

Figure 4: The effect of S:L (calcium sulphate to sulphuric acid) ratio on the concentration of 308 

targeted chemical species in the produced phosphoric acid matrix. The volume of the 80% v/v 309 

sulphuric acid was kept constant at 500 mL. 310 

Specifically, the migration of chemical species from the calcium phosphate matrix to the 311 

produced phosphoric acid’s matrix, in the presence of 80% v/v sulphuric acid, shows varying 312 

trends at different S:L ratios. As shown in Figure 4, there was a reduction in sulphate 313 

concentration with increasing calcium phosphate dosage. This could be explained by the 314 

removal of sulphate as gypsum during the interaction of sulphuric acid and calcium phosphate, 315 

as shown in equation (2) [39]. 316 

Ca5(PO4)3. OH + 5H2SO4  → 5CaSO4(S)↓ +  3H3PO4(aq) +  H2O   (2) 317 
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From equation (2) it is observed that the reaction between Ca3(PO4)2 (s)  and H2SO4 (aq) produces 318 

CaSO4⋅2H2O(s) (hydrated gypsum) and H3PO4 (aq) (phosphoric acid). Furthermore, in aqueous 319 

geochemistry, phosphoric acid behaves as a tri-protic acid, having three ionisable hydrogen 320 

atoms. In the system, the hydrogen ions are lost sequentially as shown below (equation (3) to 321 

(5)):  322 

H3PO4 (aq) → H
+ (aq) + H2PO4

- (aq)    Ka1 = 7.5 × 10‾ 3 (3) 323 

H2PO4
- (aq) → H+ (aq) + HPO4

2 ‾ 
(aq)    Ka2 = 6.2 × 10‾8   (4) 324 

HPO4
2 ‾ 

(aq) → H+ (aq) + PO4
3 ‾ 

(aq)    Ka3 = 1.7 × 10‾12 (5) 325 

Noteworthy, Ka is the acid dissociation constant and the first dissociation constant (Ka1) shows 326 

that phosphoric acid is not particularly a strong acid. Each successive dissociation step occurs 327 

with decreasing acid strength, as was also shown in Figure 3. Moreover, HPO4
2 ‾ is weaker than 328 

H2PO4
-, since it is a weak acid with greater tendency to dissociate than to hydrolyse. Therefore, 329 

it is obvious that its Ka2 will be larger than its Kb (base dissociation constant). This will be also 330 

corroborated by the results of the PHREEQC geochemical model. Furthermore, P levels were 331 

increasing with increasing S:L ratios. Higher amounts of calcium phosphate contain higher 332 

amounts of P and this is reflected on the results. Nonetheless, for low S:L ratios it appears that 333 

phosphoric acid is not produced, since P concentration is practically zero, while for S:L values 334 

higher than 0.06 (30 g : 500 mL) P concentrations in the phosphoric acid begin to build up. 335 

This could be attributed to increased dissolution rates of calcium phosphate, leading to an 336 

increase in the phosphate concentration in the phosphoric acid matrix. Although minuscule, the 337 

concentration of magnesium was observed to be increasing with an increasing amount of 338 

calcium phosphate, thus representing the dissolution of magnesium in the phosphoric acid 339 

matrix. Interestingly, the concentrations of calcium and sulphate appear to have a somewhat 340 

inversely proportional relationship. This fact most likely reflects the rapid reaction between 341 
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sulphate and calcium. For calcium phosphate dosages higher than 5 g the calcium concertation 342 

was observed to increase, suggesting that the sulphate content that reacted with calcium is much 343 

lower than the quantity of calcium contained in the added calcium phosphate. More 344 

importantly, with increasing calcium phosphate dosage the phosphate levels increase, which 345 

suggest that high-grade phosphoric acid could be produced. However, the main challenge lies 346 

in the low P concentration of calcium phosphate, which is traced back to the low P concertation 347 

of raw wastewater. Optimally, sulphate should have been fully depleted, which is not the case 348 

here (Figure 4), while P concentration should have been much higher, suggesting the need for 349 

P pre-concentration in raw wastewater. This is in agreement with the body of knowledge, where 350 

chemical and biological processes struggle to recover phosphate from wastewater due to its 351 

low concentration in raw wastewater [8]. Therefore, more research is required towards this end, 352 

while future works of our group will also focus on enhancing phosphoric acid purity and 353 

strength and also shed light on the stoichiometric relationships and the environmental 354 

sustainability of the process. 355 

4.3 Geochemical modelling 356 

To predict chemical speciation and the fate of chemical species during the interaction of 357 

calcium phosphate with sulphuric acid the PHREEQC geochemical model was utilized. The 358 

results for speciation, the SI, and chemical formulas, along with the correspondingnames are 359 

listed in Table 2. 360 

Table 2: Speciation, chemical species, names, saturation index (SI), and the chemical formulas 361 

of the produced chemical species from the interaction of calcium phosphate with  80% v/v 362 

sulphuric acid. 363 
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Speciation 

Ca P S 

CaSO4 H2PO4
- SO4

2- 

CaHSO4
+ CaH2PO4

+ CaSO4 

Ca2+ HPO4
2- CaHSO4

+ 

CaH2PO4
+ CaHPO4 HSO4

- 

CaHPO4 CaPO4
-  

CaOH+ PO4
3-  

CaPO4
-   

Precipitation potential 

Chemical name Saturation index (SI) Chemical formula 

Anhydrite 4.66 CaSO4 

Gypsum 4.62 CaSO4:2H2O 

As shown in Table 2, the PHREEQC results further support the hypothesis that different 364 

mineral phases and complexes are more likely to be formed from the interaction of sulphuric 365 

acid with calcium phosphate. Firstly, Ca, P, and S exited as oxyanions and oxycations in the 366 

aqueous solution. Furthermore, divalent Ca, phosphate and sulphate were also observed to be 367 

present in the system. However, the presence of H3PO4, HPO4
2 ‾, H2PO4

-, and PO4
3‾ in the 368 

aqueous solution confirms the formation of phosphoric acid after the interaction of sulphuric 369 

acid with calcium phosphate. On the other hand, the fate of sulphate was observed to be in the 370 

solid mineral which precipitated to precipitate as anhydrite and gypsum. These findings 371 

corroborates what was reported in aqueous chemistry section and will further be confirmed 372 

below, where the solids will be characterised using XRD, HR-SEM-EDS and FTIR. 373 
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4.4 Characterization of the solid hydrated lime, calcium phosphate, and gypsum 374 

To gain insight on the processes that govern phosphoric acid production, state-of-the-art 375 

analytical techniques for the analysis of solid samples were used. Specifically, the 376 

mineralogical composition, metal functional groups, and chemical properties of the main input 377 

(hydrated lime) and outputs (calcium phosphate and gypsum) of the phosphoric acid production 378 

system from real municipal wastewater are discussed in this section. It should be noted that 379 

gypsum was produced at the higher examined S:L ratio, i.e., 01:1 g mL-1. 380 

4.4.1 Mineralogical characterization using XRD 381 

In Figure 5, the XRD patterns of hydrated lime, calcium phosphate, and gypsum are shown. 382 

 383 

Figure 5: The X-ray diffraction patterns of calcium hydroxide (hydrated lime), calcium 384 

phosphate, and calcium sulphate (gypsum). 385 
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Specifically, the identified peaks at 2 theta degrees suggest that hydrated lime is rich in calcite 386 

(Figure 5), which was also identified in aqueous characterisation section (Figure 2). After 387 

municipal wastewater is treated with hydrated lime, the produced sludge (calcium phosphate) 388 

was observed to be rich in calcite and portlandite. The predominance of portlandite and calcite 389 

denote the presence of calcium-based minerals. Furthermore, Šiler, et al. [56] confirmed the 390 

formation of calcite and portlandite in pH ≥ 7.5 – 12 and this was the case in this study. This 391 

will be further ascertained using other techniques, such as FTIR and SEM-EDS. Finally, it was 392 

identified that the interaction of calcium phosphate with sulphuric acid led to gypsum formation 393 

(Figure 4), as was shown in equation (2). Overall, the obtained results corroborate the ones 394 

reported in the water quality section (Figure 2) and the PHREEQC geochemical model. 395 

4.4.2 Metal functional groups using FTIR 396 

The FTIR spectrum of hydrated lime, calcium phosphate, and gypsum, along with the identified 397 

metal functional groups and their corresponding wavenumber (cm-1) are shown in Figure 6. 398 
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 399 

Figure 6: The information on the metal functional groups of (a) calcium hydroxide (hydrated 400 

lime), (b) calcium phosphate, and (c) calcium sulphate (gypsum) obtained using FTIR. 401 

As shown in Figure 6 (a), the metal functional groups of hydrated lime comprise of Ca, C-O, 402 

water (H2O), and hydroxyl (-OH). The existence of water and hydroxyl can be traced back to 403 
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the fact lime has undergone hydration. In addition, the carbon bonds denote that this material 404 

was synthesized from the calcination of limestone. Regarding the synthesized calcium 405 

phosphate, this was observed to comprise phosphate, Ca-O, water, and hydroxyl groups. 406 

Similarly to hydrated lime, the existence of water and hydroxyl groups in the calcium 407 

phosphate matrix denote that this mineral is hydrated (Figure 6b). Similar results have been 408 

reported in literature for hydrated lime [57] and for calcium phosphate [58]. Finally, the 409 

synthesized gypsum was observed to contain Ca-O, sulphate (SO4
2-), water, and hydroxyl 410 

groups (Figure 6c). The existence of Ca-O and sulphate confirm that gypsum is a calcium 411 

sulphate mineral, while the existence of water and hydroxyl groups indicate that gypsum is also 412 

hydrated. The results for gypsum are also in agreement with the existing body of knowledge 413 

[59]. It should be noted that the FTIR results are in agreement with those reported in XRD 414 

section and the estimates of the PHREEQC geochemical model. 415 

4.4.3 Morphological properties using FESEM 416 

The morphological characteristics of the hydrated lime, calcium phosphate, and gypsum were 417 

identified by means of FESEM and results are shown in Figure 7. In total, three magnifications 418 

were employed, i.e., 1 μm (a), 200 nm, and 100 nm. 419 
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 420 

Figure 7: The morphological characteristics of calcium hydroxide (hydrated lime), calcium 421 

phosphate, and calcium sulphate (gypsum) at 1 μm (a), 200 nm (b), and 100 nm (c) captured 422 

by FESEM. 423 

As shown in Figure, the raw hydrated lime comprises triangular sheets, which were 424 

homogenously distributed across its surface. Interestingly, the morphological properties of 425 

hydrated lime were observed to remain the same regardless of the employed magnification. 426 

The FESEM results also suggest that hydrated lime is a nanomaterial with triangular structures. 427 

On the other hand, the synthesized calcium phosphate had irregular sheets, which were 428 

heterogeneously distributed across its surface and showed the same morphological distribution 429 

across the three different magnifications. This denotes a potential mineral transformation. 430 
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Finally, the synthesized gypsum showed rod-like structures lumped together, which were the 431 

same in all magnifications. This is in accordance with the literature [59]. 432 

4.4.4 Elemental composition using EDS 433 

The elemental distributions on a map sum spectrum of calcium hydroxide, calcium phosphate, 434 

and calcium sulphate were identified using the EDS capabilities of the Auriga Cobra FIB-435 

FESEM instrument (Table 1). Results are shown in Figure 8. 436 

 437 



27 

 

Figure 8 (a-c): The elemental distribution on a map sum spectrum of calcium hydroxide 438 

(hydrated lime), calcium phosphate, and calcium sulphate (gypsum). 439 

As shown in Figure 8(a), hydrated lime, which was used to scavenge the phosphate from the 440 

municipal wastewater, was characterised by high concentrations of Ca and O, while traces of 441 

Mg, W, Si, Al, and Fe were also identified. The elevated levels of these elements can be traced 442 

back to limestone (CaCO3), i.e., the raw material for quicklime (CaO) production, and water 443 

(H2O) which was used for quicklime hydration to produce hydrated lime (Ca(OH)2). 444 

Furthermore, Figure 8(b) shows the map sum spectrum of the synthesized calcium phosphate. 445 

Similarly to hydrated lime, calcium phosphate also contained high concentrations of Ca and O, 446 

however in this case intermediate levels of P, Si, and Mg were also identified, along with traces 447 

of W, Si, Al, Cl, Cr, S and Na. The presence of Ca and P support the hypothesis that calcium 448 

phosphate was indeed synthesised. Finally, Figure 8(c) shows the map sum spectrum of the 449 

synthesized gypsum, where Ca, S, and O are the major elements, along with and low 450 

concentrations of Cr, Al and Si. These concentrations can be traced back to the matrix of the 451 

reagent used for phosphorus scavenging, i.e., to hydrated lime, as is discussed in detail in the 452 

spot analysis section further down. The absence of P from the gypsum matrix also suggests 453 

that P has moved from the calcium phosphate matrix to the produced phosphoric acid. Overall, 454 

the major elements identified imply that gypsum (calcium sulphate) has been synthesized. This 455 

was also suggested in the FTIR and XRD results.  456 

4.4.5 Elemental composition analysis using FESEM imaging 457 

The results for the elemental mapping of hydrated lime (calcium hydroxide), calcium 458 

phosphate, and gypsum are shown in Figure 9. 459 
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 460 

Figure 9: FESEM images on the elemental mapping of calcium hydroxide (hydrated lime), 461 

calcium phosphate, and calcium sulphate (gypsum). 462 

Specifically, the elemental mapping of hydrated lime further confirmed the existence of Ca, O, 463 

Al, and C in its matrix (Figure 8, left hand side). This composition was also identified in the 464 

elemental composition analysis section. As mentioned above, the presence of Ca in the 465 

hydrated lime matrix contributes to the removal of aqueous phosphate as calcium phosphate, 466 

as shown in equation (1). Furthermore, the elemental mapping of calcium phosphate revealed 467 

the presence of Ca, O, P, and Si, as shown in Figure 8 (middle) (b), (c), (d), and (e) respectively. 468 

Lastly, the elemental mapping image (Figure 8, right hand side) of the synthesized gypsum 469 

confirmed the presence of O (b), S (c), and Ca (d) and C (e). The presence of C is traced back 470 

to hydrated lime, while the even distribution of gypsum’s forming elements denote that this 471 

mineral has been evenly formed. The obtained results corroborate the ones shown above and 472 

particularly the ones of the FESEM-EDS imaging (Figure 7). 473 

4.4.6 Spot analysis 474 
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To further corroborate the results for the solid samples that were discussed above, spot-475 

analysis, by means of the Auriga Cobra FIB-FESEM instrument which also includes an EDS 476 

detector, was employed. The results for morphological spot-analysis of hydrated lime, calcium 477 

phosphate, and gypsum are shown in Figures 10 to 12. 478 

 479 

Figure 10: The SEM-EDS results of the hydrated lime (calcium hydroxide) showing the spot 480 

analysis image (a) and the relevant EDS spectra (b-e). 481 
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 482 

 483 
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Figure 11: The SEM-EDS results of the synthesised calcium phosphate showing the spot 484 

analysis image (a) and the relevant EDS spectra (b-e). 485 

 486 

Figure 12: The SEM-EDS results of the synthesized gypsum (calcium sulphate) showing the 487 

spot analysis image (a) and the relevant EDS spectra (b-e). 488 
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As was expected, hydrated lime is predominated by Ca and O, but also traces of C, Mg and Al 489 

were also identified in its matrix (Figure 10). Results are consistent in all examined EDS 490 

spectra (Figure 10b-e). Furthermore, Figure 11 confirmed the presence of Ca and O as major 491 

elements in the resultant sludge, while P, Al, Mg, and Si were identified as intermediate 492 

elements, along with traces of Cl, Na, and Al. The intermediate and trace elements have been 493 

scavenged from municipal wastewater. More importantly, the existence of Ca and P suggests 494 

that calcium phosphate has been synthesised. Lastly, in the synthesised gypsum (Figure 12) 495 

the main elements were Ca, S and O as major elements, while traces of Al, C, and Si were also 496 

identified. These trace elements were also present in the material that was used for phosphate 497 

scavenging (hydrated lime) and therefore are also present in the synthesized gypsum matrix, 498 

while S was scavenged from the wastewater matrix and the sulphuric acid that was used 499 

phosphoric acid production. The existence of Ca and S further attest to the formation of calcium 500 

sulphate. It should be also noted that the distribution of these elements was prevalent in all 501 

examined spot points, hence denoting that a homogenous material has been synthesised during 502 

the treatment process. The obtained results corroborate the ones of the ICP-MS and of the other 503 

characterisation techniques. 504 

4.4.7 Elemental composition analysis 505 

The elemental compositions (wt%) of hydrated lime, calcium phosphate, and gypsum were 506 

identified using XRF spectrometry and results are shown in Figure 13. 507 
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 508 

Figure 13: The elemental composition (wt%) of hydrated lime (calcium hydroxide), calcium 509 

phosphate, and gypsum (calcium sulphate) as detected by XRF spectrometry. 510 

Hydrated lime was observed to be dominated by Ca and loss of ignition (LOI). The LOI denotes 511 

a high level of water, which was expected since all examined samples are hydrated. Traces of 512 

Si, Al, Mg and S were also identified in the hydrated lime matrix. These traces elements will 513 

potentially be integrated into the matrix of the synthesised calcium phosphate. In this regard, 514 

calcium phosphate was rich in P and particularly in Ca. The LOI was also high, suggesting the 515 

existence of water in the dried calcium phosphate matrix. The dominance of Ca and P denotes 516 

the potential synthesis of calcium phosphate, which is hydrated due to high LOI. Thenceforth, 517 

other minute and trivial impurities were also observed in the calcium phosphate matrix and 518 

these include Si, Al, Mg, and S. Finally, the product mineral (gypsum) from the phosphoric 519 

acid production reactor was assessed. The results revealed the presence of Ca and S as major 520 

elements. This denotes the formation of gypsum. Furthermore, the presence of LOI denotes 521 

that gypsum is hydrated. Impurities of Si, Mg and P were observed. These finding corroborate 522 

the FTIR results along with the SEM-EDS and ICP-MS water quality results. 523 
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5 Conclusions and future research directions 524 

Preliminary findings of this study suggest the feasibility of recovering phosphate from 525 

municipal wastewater and using it for phosphoric acid production. Specifically, hydrated lime 526 

was used for phosphate scavenging from real municipal wastewater and towards calcium 527 

phosphate production. Thence, using the typical 'wet' process sulphuric acid was used for 528 

phosphoric acid production, with gypsum also being co-produced. State-of-the-art analytical 529 

techniques, such as focused ion beam (FIB), high-resolution scanning electron microscopy 530 

(HR-SEM) and Fourier transform infrared spectroscopy (FTIR), were used to support the 531 

findings of this work. Insights on the S:L ratio (calcium phosphate to sulphuric acid), suggest 532 

that ratios higher than 0.06:1 (in this case 30 g : 500 mL) should be employed. Furthermore, 533 

the PHREEQC geochemical model suggested the presence of H3PO4, HPO4
2 ‾, H2PO4

-, and 534 

PO4
3‾ in the aqueous solution, hence confirming the formation of phosphoric acid whilst 535 

sulphate precipitated as anhydrite and gypsum.  536 

Overall, the findings of this work indicate the feasibility of phosphoric acid production from 537 

raw wastewater, thus promoting the concept of circular economy in wastewater treatment. 538 

More importantly, results suggest that municipal wastewater effluents can act as a sustainable 539 

alternative to replace the main raw material for phosphoric acid production, i.e., phosphate rock 540 

which is a non-renewable mineral resource that is fast depleting. Phosphoric acid and gypsum 541 

could be used for different industrial applications, thus generating a stable revenue stream that 542 

could be used to offset the running costs of process and possibly make it self-sustainable. 543 

Wastewater is also pretreated, which can lower treatment cost while in cases where raw 544 

wastewater is released to the environment untreated its pretreatment would be beneficial for 545 

the receiving environment. Not only this, but the pretreated wastewater can also be reclaimed, 546 
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and used for a variety of purposes such as for irrigation or even for potable uses. Therefore, if 547 

properly treated wastewater reuse will be benefit and a threat for agriculture and the 548 

environment. Overall, P recovery and wastewater reclamation can be used to meet UN’s 549 

sustainable development goals and create opportunities for green employment, social well-550 

being, and ecological health. 551 

Regarding the future research directions, these should focus on: 552 

• Pre-concentrating the wastewater stream to increase the concentration of phosphate in 553 

the recovered material. 554 

• Determine the precise purity of the synthesised phosphoric acid. 555 

• Perform a full techno-economic assessment of the proposed technology. 556 

• Reclaim water from the treatment process, i.e., the from the hydrated lime pretreated 557 

wastewater effluent. 558 

• Identify the environmental sustainability of the process using the life cycle assessment 559 

(LCA) methodology and quantify the environmental gains from substituting phosphate 560 

rock with municipal wastewater as the source of phosphorus. 561 

• Examine the effect of sulphate (SO4
2-) strength (molarity), along with the effects of 562 

different stoichiometries. 563 

• Examine the rate at which nucleation occurs and the interplay between kinetics and 564 

thermodynamics on the crystallisation system. 565 

• Examine the effect of temperature. To this end quicklime, instead of hydrated lime, can 566 

be used, since the hydration process is exothermic, i.e., heat is released which could be 567 

used to improve the overall wastewater treatment efficiency. 568 
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• Examine the effect of phosphate, fluoride, and nitrate on sulphate dissolution rate and 569 

solubility. 570 

• Scaling up the process to a pilot plant to demonstrate the feasibility of producing 571 

phosphoric acid and gypsum from municipal wastewater. 572 
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