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16 DO - Dissolved Oxygen 
 

17 DOC - Dissolved Organic Carbon 
 

18 EBPR – Enhanced Biological Phosphorus Removal 
 

19 Fe2O3 – Hematite 
 

20 FeP - Iron Phosphorus Compounds 
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21 FeSx - Iron Sulphide Compounds 
 

22 IRB - Iron Reducing Bacteria 
 

23 o-P - Orthophosphate 
 

24 SRT – Solid Retention Time 
 

25 STP – Sewage Treatment Plant 
 

26 TS - Total Solids 
 

27 Abstract 

28 Iron is an important element for modern sewage treatment, inter alia to remove phosphorus from 
 

29 sewage. However, phosphorus recovery from iron phosphorus containing sewage sludge, without 
 

30 incineration, is not yet economical. We believe, increasing the knowledge about iron-phosphorus 
 

31 speciation in sewage sludge can help to identify new routes for phosphorus recovery. Surplus and 
 

32 digested sludge of two sewage treatment plants was investigated. The plants relied either solely on 
 

33 iron based phosphorus removal or on biological phosphorus removal supported by iron dosing. 
 

34 Mössbauer spectroscopy showed that vivianite and pyrite were the dominating iron compounds in 
 

35 the surplus and anaerobically digested sludge solids in both plants. Mössbauer spectroscopy and 
 

36 XRD suggested that vivianite bound phosphorus made up between 10 and 30 % (in the plant 
 

37 relying mainly on biological removal) and between 40 and 50 % of total phosphorus (in the plant 
 

38 that relies on iron based phosphorus removal). Furthermore, Mössbauer spectroscopy indicated 
 

39 that none of the samples contained a significant amount of Fe(III), even though aerated treatment 
 

40 stages existed and although besides Fe(II) also Fe(III) was dosed. We hypothesize that 
 

41 chemical/microbial Fe(III) reduction in the treatment lines is relatively quick and triggers 
 

42 vivianite formation. Once formed, vivianite may endure oxygenated treatment zones due to slow 
 

43 oxidation kinetics and due to oxygen diffusion limitations into sludge flocs. These results indicate 
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44 that vivianite is the major iron phosphorus compound in sewage treatment plants with moderate 
 

45 iron dosing. We hypothesize that vivianite is dominating in most plants where iron is dosed for 
 

46 phosphorus removal which could offer new routes for phosphorus recovery. 
 

47 Keywords: 
 

48 Iron, Phosphorus, Sewage, Sewage sludge, Mössbauer spectroscopy, Vivianite 
 
 

49 1 Introduction 
 
 

50 Phosphorus (P) is an essential element for all life. It is often a limiting nutrient for crops and thus 
 

51 a crucial part of fertilizers. Currently, the use of P is not sustainable and its supply is not 
 

52 guaranteed in the future: (I) Phosphate rock reservoirs, the main source of P for fertilizers, are 
 

53 depleting (Scholz and Wellmer, 2016; Walan et al., 2014), (II) these reservoirs are located in a 
 

54 few countries (De Ridder et al., 2012), (III) for current P applications and depletions regional 
 

55 imbalances exist (Macdonald et al., 2011; van Dijk et al., 2016) and (IV) P surpluses cause 
 

56 eutrophication in surface waters (Carpenter, 2008). The recovery of P from secondary resources 
 

57 would help to make its use in our society circular and more sustainable (Carpenter and Bennett, 
 

58 2011; Childers et al., 2011). 
 

 

59 Sewage is an important secondary source for P (van Dijk et al., 2016). In sewage treatment plants 
 

60 (STPs), P is typically removed to diminish eutrophication in surface waters by chemical P 
 

61 removal (CPR) or enhanced biological P removal (EPBR). In both cases, P is concentrated in the 
 

62 sewage sludge. Iron (Fe) dosing for CPR is efficient, simple and cheap (Geraarts et al., 2007; Paul 
 

63 et al., 2001; WEF, 2011). Future energy producing STPs rely on chemical P and chemical oxygen 
 

64 demand (COD) removal (Böhnke, 1977; Wilfert et al., 2015). Additionally, Fe is commonly 
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65 applied in modern sewage treatment also for other reasons than CPR. Ferric, Fe(III) and ferrous, 
 

66 Fe(II) iron salts are dosed as flocculants to remove COD (Li, 2005), to prevent the emission of 
 

67 hydrogen sulphide (H2S) in sewer systems and digesters (Hvitved-Jacobsen et al., 2013; Nielsen et 
 

68 al., 2005) and to improve sludge dewatering (Higgins and Murthy, 2006). Additionally, Fe may 
 

69 originate from groundwater intrusion into the sewer systems (Hvitved-Jacobsen et al., 2013; 
 

70 Kracht et al., 2007). Thus, in most STPs, part of the P will be bound to Fe. An economic feasible 
 

71 recovery of P from sewage sludge containing iron phosphorus compounds (FeP), without sludge 
 

72 incineration, is a technological challenge that remains unsolved, also due to scarce information on 
 

73 FeP mineralogy in STPs (Wilfert et al 2015). 
 

 

74 The initial reactions, after Fe(III) or Fe(II) addition to sewage and the subsequent removal of P are 
 

75 complex (El Samrani et al., 2004; Luedecke et al., 1989; Smith et al., 2008; Takács et al., 2006). 
 

76 These reactions are important as they drive primary P removal from sewage by bringing P from 
 

77 the liquid to the solid phase. In STPs, the solid retention time (SRT) can be a few hours, as in the 
 

78 A-stage of AB-processes (Böhnke, 1977; Böhnke et al., 1997), but it is usually on the time scale 
 

79 of 5-20 days when the conventional activated sludge process is applied (Tchobanoglous et al., 
 

80 2013). In those processes, alternating redox conditions are applied to achieve COD and nitrogen 
 

81 removal. Hence, once formed the initial FeP may change due to oxidation of Fe(II) or reduction of 
 

82 Fe(III) respectively (Nielsen, 1996; Nielsen et al., 2005; Nielsen and Nielsen, 1998; Rasmussen 
 

83 and Nielsen, 1996) or due to aging effects (Recht and Ghassemi, 1970; Szabó et al., 2008). Most 
 

84 likely, the FeP, that end up in the surplus sludge and that determine the P removal efficiency of 
 

85 STPs, differ from the initial precipitates. 
 

 

86 Several researchers reported the ferrous iron phosphate mineral vivianite (Fe(II)3[PO4]2· 8H2O) in 
 

87 surplus sludge and anaerobically digested sludge (Frossard et al., 1997; Ghassemi and Recht, 
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88 1971; Seitz et al., 1973; Singer, 1972). Frossard et al., 1997 were able to quantify vivianite in 
 

89 sewage sludge using Mössbauer spectroscopy even though the sludge samples in this study were 
 

90 exposed to air. This could have resulted in full/partial oxidation of Fe(II) compounds and partial 
 

91 transformation of vivianite to amorphous FeP (Roldan et al., 2002) or to other changes of the P 
 

92 fractions (Kraal et al., 2009). Additionally, all Mössbauer measurements were done at room 
 

93 temperature (300 K). Complex samples should ideally be measured at lower temperatures (e.g. 
 

94 4.2 K) as well, to reveal unambiguously the spectral contributions and magnetic properties of the 
 

95 Fe phases. (Murad and Cashion, 2004). 
 

 

96 We have investigated two STPs, with different treatment strategies to determine the fate of Fe and 
 

97 FeP during treatment. The STP Leeuwarden applies EBPR, additionally respectively Fe(II) or 
 

98 Fe(III) are dosed in two different treatment lines. The STP Nieuwveer uses the AB technology 
 

99 (Böhnke et al., 1997; De Graaff et al., 2015), here Fe(II) is dosed. AB-plants in combination with 
 

100 cold anammox have the potential to be energy factories (Jetten et al., 1997; Siegrist et al., 2008). 
 

 

101 The fate of Fe and FeP was evaluated by various measurements on the liquid and solid fractions of 
 

102 the sewage (sludge) at different locations in the treatment line. Mössbauer spectroscopy 
 

103 (qualitative and quantitative analyses of Fe compounds), XRD (semi-quantitative analyses of all 
 

104 crystalline material) and SEM-EDX (particle morphology and elemental composition) were used 
 

105 to characterize the solid fractions. Mass balances for P and Fe helped to identify the significance 
 

106 of different sources (influent, external sludge, Fe dosing) and sinks (effluent, sludge disposal) for 
 

107 these elements. Mössbauer spectroscopy and XRD were used to estimate P bound in vivianite and 
 

108 sulphide extraction was used to quantify P bound to Fe. Thereby, the P recovery potential of a 
 

109 technology that targets specifically on FeP was determined. 
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110 Identifying the forms of FeP in activated sludge would help to obtain thermodynamic (e.g. 
 

111 equilibrium concentrations) and stoichiometric (molar Fe:P ratios) information that is necessary to 
 

112 develop technologies to recover P from FeP. Although, in literature, some indications for vivianite 
 

113 formation as major P compound during sewage treatment can be found, the role of vivianite and 
 

114 its importance has been neglected, the reason why this study was carried out. 
 
 

115 2 Methods & Material 
 
 

116 2.1 STPs and sampling 
 

117 In the AB plant Nieuwveer (influent: 75706 m
3 
d

-1 
in 2014), Fe(II) is added in the aerated 

118 (≈0.3 mg dissolved oxygen (DO) L
-1

) A-stage for P and COD removal. SRTs are 15 hours in the 

119 A-stage, 16 days in the B-stage (DO in aerated sections ≈1.8 mg DO L
-1

) and 25 days during 

120 anaerobic digestion. In the EBPR plant Leeuwarden (38,000 m
3 

d
-1 

in 2014), the influent is split in 
 

121 two treatment lines (60 % of the sewage goes to Line 1). Besides for CPR, Fe is dosed to prevent 
 

122 H2S emissions into the biogas during anaerobic digestion. In Line 1, Fe(III) is dosed and in Line 2 
 

123 Fe(II) is dosed in the nitrification zone (≈1.5 mg DO L
-1

). SRTs before digestion are around 15 
 

124 days (50 % in the aerated zone) and during anaerobic digestion around 42 days. The digesters of 
 

125 both STPs, receive external sludge which accounts for about 30 % (Nieuwveer) and about 25 % 
 

126 (Leeuwarden) of the total digested sludge. At both locations, samples were taken to analyse the 
 

127 composition of the of the sewage (sludge). From these measurements (Table A. 1 and Table A. 2) 
 

128 Fe and P mass balances were calculated. To calculate Fe and P loads, average daily flow rates of 
 

129 the sampling days were used. Samples were taken between December 2014 and March 2015, after 
 

130 a period of 48 h without precipitation. The STP Leeuwarden was sampled three times. Results 
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131 reported in Table A. 1 and for the mass balances are average values of the triplicate measurements 
 

132 and of the daily loads of these samplings. The STP Nieuwveer was sampled once in March 2015. 
 

 

133 Samples were stored and transported in cooling boxes on ice to reduce microbial activity. Sample 
 

134 processing started 1 h (Leeuwarden) and 3 h (Nieuwveer) after sampling. Sample drying started 
 

135 latest 8 h after sampling and was completed within 24 h. Sampling and sample processing were 
 

136 done under anaerobic conditions to prevent oxidation and degassing of samples. Sewage was 
 

137 collected; using syringes with attached tubing that were washed several times with sewage. 
 

138 Sewage sludge was taken from valves using a funnel with attached tubing. Samples were then 
 

139 filled in serum bottles. To rinse bottles, about three times their volume was flowed through the 
 

140 bottle by inserting the end of the tubing to the bottom of the bottle. Then the bottles were sealed 
 

141 with butyl rubber stoppers (referred to as anaerobic samples hereafter). With these samples the 
 

142 composition of the liquid phase was determined and material for solid analyses was obtained. For 
 

143 total solids (TS), volatile solids (VS) and to determine the total elemental composition of the 
 

144 sewage (sludge), separate samples, without special pre-cautions to prevent sample oxidation, were 
 

145 taken (hereafter, referred to as mass balance (MB) samples). Separate sampling was considered to 
 

146 be necessary as the TS content of the anaerobic samples could change due to rinsing of serum 
 

147 bottles. 
 

 

148 In Nieuwveer, the influent sample was a mixture of raw influent and recirculated effluent (40 % of 
 

149 the effluent is recirculated). For the mass balances, the Fe and P concentrations of the raw effluent 
 

150 were calculated. The external sludge sample was taken from a pre-storage tank, and contained an 
 

151 unknown mixture of external sludge. In Leeuwarden, P loads from external sludge were below the 
 

152 detection limit and had to be calculated from the difference in P loads before and after digestion. 
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153 2.2 Analyses 
 

154 Oxidation-Reduction Potential (ORP), pH and conductivity were measured potentiometrically in 
 

155 the plants. Total elemental composition of MB samples were determined after microwave assisted 
 

156 acid digestion (HNO3=69%, 15 min, 180 °C) followed by ICP-OES. Total solids and VS were 
 

157 measured according to standard methods (APHA, AWWA, WEF, 1998). For total alkalinity 
 

158 measurements, 10 mL MB sample was titrated to pH=4.5 with 0.1 N HCl (APHA, AWWA, WEF, 
 

159 1998). 
 

 

160 The anaerobic samples were transferred into plastic centrifuge tubes inside an anaerobic glovebox 
 

161 (95 % N2/5 % H2, O2<10 ppm) and centrifuged (15 min, 3200 G). Dissolved elemental 
 

162 compositions (ICP-OES), dissolved anions (IC) and dissolved organic carbon, DOC (LC-OCD) 
 

163 were determined after filtration of the supernatant (0.45 µm) inside the glovebox. Dissolved 
 

164 Fe(II)/Fe(III) was determined in the filtrate using the ferrozine method according to Viollier et al., 
 

165 2000. In short, an appropriate sample volume was added to 100 µ L ferrozine reagent and made up 
 

166 to a total volume of 1100 µ L using Milli-Q water. After 15 minutes the absorbance of the 
 

167 ferrozine-Fe(II) complex was recorded. Subsequently, to reduce all Fe(III) to Fe(II), 150 µ L of a 
 

168 1.4 mol L
-1 

hydroxylamine solution was added to 800 µ L of this solution. The reduction time was 

169 12 h (30 
o
C) to make sure that organic complexed Fe(III) was completely reduced (Rasmussen and 

170 Nielsen, 1996; Verschoor and Molot, 2013). Eventually, 50 µ L of an 10 mol L
-1 

ammonium 
 

171 acetate buffer solution was added and the absorbance was again measured. With these information 
 

172 the Fe(II) and Fe(III) concentration can be calculated. All ferrozine measurements were confirmed 
 

173 by measuring total Fe by ICP-OES. Additionally, Fe(II)/Fe(III) stock solutions were added to 
 

174 filtrates to test the reliability of the photometric measurements (Table 1). For sulphide (S
2-

) 
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175 measurements, samples were filtered inside the glovebox into a zinc acetate solution (0.8 M), 
 

176 stored in the dark and measured after 24 h by the methylene blue method (Cline, 1969). 
 

 

177 Solid material was derived from centrifuge pellets of the anaerobic samples. Inside the glovebox, 
 

178 pellets were finely spread on glass plates, dried (25 °C, 24 h, in the dark) and grinded using a 
 

179 mortar and pestle. Vivianite can be found when samples are dried at room temperature, even in 
 

180 the presence of oxygen. Higher temperatures for sample drying should be avoided. Above 70 °C, 
 

181 in the presence oxygen, vivianite is transformed within hours into an amorphous iron phosphate 
 

182 compound (Čermáková et al., 2015). Thus, in such sludge samples, vivianite disappears (Poffet, 
 

183 2007). 
 

 

184 Samples for XRD analyses were filled in glass capillaries and sealed first with modelling clay and 
 

185 then superglue. Right before analyses, glass capillaries were sealed using a burner. The 
 

186 measurements were done on a PANalytical X´Pert PRO diffractometer with Cu-Ka radiation (5- 
 

187 80 
o
2θ, step size 0.008

o
). The results from XRD analyses were made semi-quantitative by 

 

188 determining the amorphous and crystalline peak area of the spectra (Origin Pro 9). This allows the 
 

189 determination of the degree of crystallinity and thus of the total mineral share of the sample. All 
 

190 samples that were analysed by Mössbauer spectroscopy were also analysed by XRD. In addition, 
 

191 two samples that were sampled in the aerated treatment lines (referred to as A-stage and Line 2 
 

192 activated sludge samples) were analysed using XRD. 
 

 

193 For Mössbauer analyses, samples were filled in plastic rings, sealed with Kapton tape and super 
 

194 glue and then wrapped in parafilm. It was expected that considerable amounts of P are bound in 
 

195 vivianite, thus a vivianite standard was prepared according to Roldan et al., 2002. Transmission 
 

196 
57

Fe Mössbauer spectra were collected at 4.2 and 300 K with conventional constant-acceleration 
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197 and sinusoidal velocity spectrometers using a 
57

Co(Rh) source. Velocity calibration was carried 
 

198 out using an α-Fe foil. The Mössbauer spectra were fitted using Mosswinn 4.0 (Klencsár, 1997). 
 

199 Morphology and elemental compositions of sludge particles in the grinded solids was also 
 

200 analysed by SEM-EDX. Samples for SEM-EDX were exposed to air during measurements. 
 

 

201 Extractability of Fe in digested sludge was investigated using water, to extract water soluble Fe 
 

202 (pH=7, Wolf et al., 2009). Na-pyrophosphate solution (0.1 mol L
-1

, pH=9.5) was used to extract 
 

203 and quantify organic bound Fe. Pyrophosphate was used to extract organic bound Fe and Fe 
 

204 minerals mainly in soil but also from sewage sludge, vivianite was partially dissolved with this 
 

205 extract (Carliell-Marquet et al., 2009; McKeague, 1967; van Hullebusch et al., 2005). With 
 

206 pyrophosphate extraction no distinction between Fe(II)/Fe(III) could be made. Ammonium 
 

207 oxalate (0.2 mol L
-1 

NH4-oxalate, pH=3) extracts poorly crystalline Fe, it was used to determine 
 

208 Fe(II)/Fe(III) in activated sludge before (Rasmussen and Nielsen, 1996). Each extraction was 
 

209 done in separate butyl rubber stoppered serum bottles, the extracts were added to wet sludge 
 

210 (n=3). Oxygen in the extracts was removed using headspace gas exchange equipment with a gas 
 

211 mixture containing 70 % N2 and 30 % CO2 in 5 cycles. The extract:TS ratios were 100:1 for H2O 
 

212 and pyrophosphate and 1000:1 for oxalate. All samples were shaken in the dark (16 h, 30 
o
C, 

 

213 100 rpm) before analysing Fe in the filtered (0.45 µm) but not centrifuged extracts. 
 
 

214 2.3 Estimate P bound to Fe 
 

215 P bound in vivianite was calculated from results of semi-quantitative XRD and Mössbauer 
 

216 spectroscopy. Additionally, to determine sulphide extractable P, 0.5 molar Na2S solution was 
 

217 added to 2 L digested sludge (molar Fe:P=0.55) and surplus sludge from Line 1 (molar 
 

218 Fe:P=0.25) from Leeuwarden and to digested sludge from Nieuwveer (molar Fe:P =0.73) in molar 
 

219 ratios S
2-

:Fe of 1.5. These samples were taken several months before/after the other samples. For 
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220 Leeuwarden, molar Fe:P were very similar to the sludge used for other analyses, digested sludge 
 

221 showed an Fe:P=0.56 and Line 1 an Fe:P=0.28 but for Nieuwveer the sludge for the sulphide 
 

222 experiments had a lower Fe:P (0.73 vs 0.89). It was assumed that sulphide extracts specifically P 
 

223 bound to FeP (Kato et al., 2006). The experiments were done in a gastight reactor with pH control 
 

224 (pH=7.5) with a reaction time of at least 24 h. Samples from the reactor were taken using N2 

 

225 flushed syringes, filled in N2 rinsed plastic centrifuge tubes under a stream of N2 and centrifuged 
 

226 (15 min, 3200 G). Subsequently, sulphide, ortho-P (o-P) and the elemental composition were 
 

227 determined in samples that were filtered using N2 flushed syringes and filters (0.45 µm). At the 
 

228 end of these experiments at least 1 mmol sulphide L
-1 

was still in solution indicating that the 
 

229 extraction was not sulphide limited. The maximum amounts of P that could be bound to Fe, Mg 
 

230 and Al were quantified by using the elemental composition of the TS (Table A. 1 & Table A. 2). 
 

231 For these calculations it was assumed that all solid Mg is present as struvite (molar Mg:P =1), all 
 

232 Fe as vivianite (molar Fe:P=1.5) and Al as a precipitate with a molar Al:P of 1.5 (Hsu, 1976). 
 
 

233 3 Results 
 
 

234 3.1 Mass balances 
 

235 In the STP Leeuwarden, mass balances showed, that the influent Fe load equals approximately the 
 

236 dosed Fe (Figure 1A). The effluent load was approximately 15 % of the influent Fe and 10 % of 
 

237 the influent P. The solid molar Fe:P ratio almost doubles from 0.33 before to 0.57 after anaerobic 
 

238 digestion due to digestion of external sludge with a high Fe (8.4 g Fe /kg sludge) and low P (not 
 

239 detectable) content. About 95 % of the external sludge originates from two cheese factories which 
 

240 use Fe(III) as flocculent. 



  ACCEPTED MANUSCRIPT   

12 

 

 

C 

U
S 

 

 

 

 

 

 

 

 

 

 

 

 
 

241 

 

242 

243 

244 

245 

246 

247 Figure 1: Daily mass balances for Fe and P in the STPs Leeuwarden (A) and Nieuwveer (B). Underlined 

248 numbers were calculated (BP = belt press). 

249 For Nieuwveer, the mass balance showed that, dosed Fe is about three times the Fe entering via 
 

250 the influent (Figure 1B). The effluent load was 15 % of the influent Fe and 25 % of the influent P. 
 

251 The Fe and P loads from the A and B stage to the anaerobic digestion are similar. During 
 

252 digestion, the molar Fe:P ratio increased, due to external sludge, from 0.76 to 0.89. 
 

 

253 The mass balances were established by a single sampling campaign in Nieuwveer and three 
 

254 sampling campaigns in Leeuwarden. It was not intended to make a comprehensive mass balance 
 

255 which would require several samplings throughout the year. The mass balance served to identify 
 

256 main Fe sources and sinks in the STPs. For Nieuwveer, the calculated P loads of the influent, 
 

257 effluent and into the digester were about 20 % higher, the external sludge P input about 20 % 
 

258 lower when compared to the average yearly P loads for 2014 which were determined from daily P 
 

259 measurements on pooled samples (number from yearly balance/from our balance): influent (460 
 

260 vs 593 kg P d
-1

), effluent (118 vs 153 kg P d
-1

), external sludge (139 vs 110 kg P d
-1

) and to the 

261 digester (411 vs 490 kg P d
-1

). Since loads (except for the external sludge) were consistently 



  ACCEPTED MANUSCRIPT   

13 

 

 

 

 

 

262 higher for our measurements it can be assumed that patterns of Fe and P loads represent typical 
 

263 situations for the STP. For Leeuwarden, average yearly P loads in 2014 in the influent were also 
 

264 about 20 % higher (318 vs 264 kg P d
-1

) and almost the same for the effluent (28 vs 26 kg P d
-1

). 
 

265 Phosphorus flows into the digester are not regularly determined in Leeuwarden. 
 

 

266 The maximum gap for the mass balance was about 15 % for Fe in the STP Nieuwveer, mainly 
 

267 caused by an excess of Fe leaving the digester. In contrast, the gap in the P mass balance was only 
 

268 5 %. The gap in the Fe balance is most likely due to the lack of a representative external sludge 
 

269 sample. In Nieuwveer, external sludge is delivered in irregular intervals from various STPs 
 

270 applying CPR (Al/Fe dosing) and EBPR respectively. The external sludge sample in Nieuwveer 
 

271 was taken from a storage tank that, most likely, contained sludge also from a non Fe dosing plant. 
 

272 This explained why we underestimate Fe input into the digester whereas the P loads can be traced 
 

273 back. 
 

 

274 3.2 Dissolved Fe(II)&Fe(III) 
 

275 Fe(II)/Fe(III) stock solutions were added (n=3) to filtrates, obtained from digested sludge and 
 

276 from surplus sludge of Line 1 in Leeuwarden, to test the reliability of the ferrozine method (Table 
 

277 1). In filtrates from surplus sludge, Fe(II) was overestimated by about 7 % and Fe(III) by about 
 

278 4 %. In filtrates from digested sludge Fe(II) was added. Here, Fe(II) was underestimated by 2 % 
 

279 and Fe(III) overestimated by about 5 %. When Fe(III) was added it was overestimated by about 1 
 

280 %. These results indicate that the method can reliably detect dissolved Fe(II) and Fe(III) in 
 

281 sewage samples. 
 

 

282 After digestion, dissolved Fe in Leeuwarden sludge was surprisingly dominated by Fe(III), 1.6 mg 
 

283 L
-1 

(Table 1). Also in digested sludge in Nieuwveer about half of the dissolved Fe was detected as 
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284 Fe(III), 3.0 mg L
-1

. In general, dissolved Fe in most samples was dominated by Fe(III). This 
 

285 Fe(III) could be free Fe(III) or Fe(III) which was complexed by organic ligands such as humic 
 

286 substances (Table 1, Buffle, 1990). 
 

 

287 Although standard addition was successful, the results should, especially after digestion, be 
 

288 regarded with some caution. Fe(II)/Fe(III) were determined reliably, even in the presence of 
 

289 dissolved organic matter (DOM, 16–25 mg DOC L
-1

) using the ferrozine method (Verschoor and 
 

290 Molot, 2013; Viollier et al., 2000). However, Viollier et al., 2000, added Fe(III) only. Verschoor 
 

291 and Molot, 2013 found Fe(II) and Fe(III) successfully back. Yet, when added, Fe(II) could be 
 

292 present as free Fe(II), whereas the Fe(II) that was already in the sample could partly also be 
 

293 present in complexed forms (Buffle, 1990). In surplus sludge, dissolved organic matter was on the 
 

294 same order of magnitude (Nieuwveer A-stage: 15 mg DOC L
-1

, Leeuwarden Line 1: 20 mg DOC 

295 L
-1

) compared to the successful standard additions described before. In digested sludge, DOC 

296 concentrations were much higher, in Nieuwveer, 320 mg DOC L
-1 

and in Leeuwarden, 126 mg 

297 DOC L
-1

. 
 

 

298 With the ferrozine assay, as we applied it, only free Fe(II) was detected (Jackson et al., 2012). 
 

299 When part of the Fe(II) was complexed by DOM, it was not detected in our first step, in which 
 

300 Fe(II) is quantified. Subsequently, to determine Fe(III), the sample pH was lowered, a reducing 
 

301 agent was added and the sample incubated (12 h). Under these conditions, complexed Fe(II) is 
 

302 mobilized and could be incorrectly assigned to Fe(III) (Gaffney et al., 2008; Jackson et al., 2012, 
 

303 Rasmussen and Nielsen, 1996). That also explains why total Fe levels from ICP-OES and from 
 

304 the ferrozine measurements matched very well. With ICP-OES free and complexed Fe is detected. 
 

305 To measure free and total Fe(II) in the samples the method of Gaffney et al., 2008 could be 
 

306 established for sewage samples. Additionally, a complementary method to determine Fe 
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307 speciation e.g. by voltammetry would help to eliminate analytical uncertainties (Buffle, 1990). In 
 

308 Leeuwarden, samples from Lines 1 and 2 and from the influent were on-site filtered and directly 
 

309 added in Ferrozine to test if free Fe(II) is present, no colour reaction was visible. 
 

 

310 Despite all efforts, it cannot be excluded that part of the Fe(II) was oxidized during sampling or 
 

311 sample processing due to high sensitivity of Fe(II) to oxygen (Verschoor and Molot, 2013). 
 

312 Subsequently, total dissolved Fe concentrations may decrease due to precipitation of ferric iron 
 

313 oxides. Ferrous iron can even get microbial oxidized in absence of oxygen (Nielsen and Nielsen, 
 

314 1998). An opposing mechanism, that could occur after sampling and during sample transport, is 
 

315 the conversion of solid Fe(III) oxides to soluble Fe(II) by iron reducing bacteria (IRB). 
 

316 Accordingly, dissolved Fe(II) concentrations doubled within 24 h in samples from the A-stage and 
 

317 B-stage in Nieuwveer when they were incubated at 30 °C (data not shown). 
 

 

318 Classifying complexed Fe(II) as Fe(III) by the ferrozine assay and oxygen contamination, could 
 

319 explain the presence of dissolved Fe(III) after the anaerobic digestion. From a chemical point of 
 

320 view all dissolved Fe should be present as Fe(II). During anaerobic digestion, highly reducing 
 

321 conditions, including the formation of strong reducing agents like sulphide, prevail for more than 
 

322 three weeks. Also others found significant amounts of dissolved Fe(III) after similar periods of 
 

323 anaerobic incubation (Cheng et al., 2015). An increase of the oxidation-reduction potential over 
 

324 time could indicate that anaerobic conditions did not prevail in these experiments. In our 
 

325 discussion we will focus on total dissolved iron levels instead of the oxidation state of the 
 

326 dissolved Fe. 
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327 Table 1: Dissolved Fe(II) and Fe(III) measurements from STPs Leeuwarden and Nieuwveer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
328 

 

329 3.3 Solids 
 

330 3.3.1 XRD 
 

331 XRD analyses revealed that vivianite and quartz were present in all samples (all XRD 
 

332 diffractograms and peak assignments are included in the supporting information). In the STP 
 

333 Leeuwarden, struvite was the dominating crystalline P phase (Table 2). During anaerobic 
 

334 digestion the relative share of struvite decreases compared to quartz and vivianite. In the STP 
 

335 Nieuwveer vivianite, as the only P containing crystalline phase, was detected in all samples. In 
 

336 digested solids and both A-stage samples from Nieuwveer, a peak at around 29.4 °2Th with 
 

337 intensities between 3.9 and 8.6 % could not be assigned. 

  

ID 
Fe(II) 

mg L
-1

 

Fe(III) 

mg L
-1

 

Fe (total) 

mg L
-1

 

 

L
e

e
u

w
a

rd
e

n
 

Surplus sludge Line 1, Fe(III) 0.1 0.5 0.6 

Activated sludge Line 2, Fe(II) 0.1 0.5 0.6 

Surplus sludge Line 2, Fe(II) 0.6 0.6 1.1 

Digested sludge 0.6 1.6 2.1 

  

 

N
ie

u
w

v
e

e
r A-stage: after FeII dosing 0.0 0.8 0.8 

A-stage: Surplus Sludge 18.3 12.7 31.0 

B-stage: Surplus Sludge 0.0 1.9 1.9 

Digested sludge 2.9 3.0 5.9 

  

 

S
ta

n
d

a
rd

 

a
d

d
it

io
n

 Filtrate (undigested) + Fe(II): 11.8 mg L
-1

 12.7 (±0.24) 0 12.7 

Filtrate (undigested) + Fe(III): 11.1 mg L
-1

 0 11.6 (±0.0) 11.6 

Filtrate (digested) + Fe(II): 11.3 mg L
-1

 11.1 (±0.08) 0.6 (±0.14) 11.7 

Filtrate (digested) + Fe(III): 10 mg L
-1

 0 10.1 (±0.5) 10.1 
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338 Table 2: Results of semi quantitative XRD and VS analyses expressed as % of the total solids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

339 
 

340 3.3.2 SEM-EDX 
 

341 In both STPs, no large particles with an overlap of Fe and P were found before the anaerobic 
 

342 digestion using SEM-EDX. Iron and P were homogenously distributed in the samples. After 
 

343 anaerobic digestion larger FeP particles (between 20 and 150 µm in diameter) with different 
 

344 crystalline morphologies were found (Figure 2). These particles showed Fe:P ratios between 1.1 
 

345 and 1.7 when measured by EDX. 
 
 

346  

347 Figure 2: SEM images of particles in digested sludge solids sampled in Leeuwarden (left) and Nieuwveer 

348 (right). EDX showed Fe:P ratios between 1.1 (Leeuwarden) and 1.7 (Nieuwveer). 

  
Sampling station 

Quartz 

(%) 

Vivianite 

(%) 

Struvite 

(%) 

XRD 

amorphous 

(%) 

VS 

(%) 

L
e

e
u

w
a

rd
e

n
 

Line 1, Fe(III): Surplus sludge 7 2 11 80 70 

Line 2, Fe(II): Activated sludge 7 3 10 79 66 

Line 2, Fe(II): Surplus sludge 6 3 7 84 68 

Digested sludge 21 6 11 63 62 

N
ie

u
w

v
e

e
r A-stage: Activated Sludge 10 7 0 83 78 

A-stage: Surplus Sludge 8 6 0 86 80 

B-stage: Surplus Sludge 11 8 0 81 78 

Digested sludge 11 8 0 63 60 
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349 3.3.3 Mössbauer spectroscopy 
 

350 Results of Mössbauer measurements at 4.2 K are summarized in Table 3 (all spectra and 
 

351 measurements at 300 K are included in the supporting information). Mössbauer spectroscopy at 
 

352 liquid helium temperature is more powerful as it reveals unambiguously the oxidation states and 
 

353 magnetic properties of the different Fe structures. The samples from Leeuwarden with digested 
 

354 solids and the vivianite standard showed signs of oxidation (25 to 28 % of vivianite was oxidized 
 

355 in the standard and in digested sludge respectively). Before measurements, these samples were 
 

356 sealed followed by storage at ambient atmosphere inside glass bottles with screw caps for about 1 
 

357 month. Subsequently, other samples were stored inside the glovebox until measurement and no 
 

358 signs of oxidation were visible, as indicated by the absence of oxidized vivianite. 
 

 

359 The spectra acquired with the vivianite standard (Figure 3) showed that about 75 % of the 
 

360 vivianite was not affected by oxidation and allowed to obtain a spectrum with parameters that are 
 

361 in good agreement with the literature for the two Fe(II) sites (Gonser and Grant, 1976). The 
 

362 oxidized magnetically split Fe(III) species in this standard might be an intermediate valence state 
 

363 between Fe(III) and Fe(II) like in magnetite (Harker and Pollard, 1993). Others suggested that 
 

364 oxidation of vivianite results in the formation of amorphous FeP (Miot et al., 2009), Lepidocrocite 
 

365 (Roldan et al., 2002) or lipscombite, beraunite or rockbridgite (Leavens, 1972). 
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366 

367 Figure 3: Mössbauer spectra obtained at different temperatures with the vivianite standard. 
 

368 Samples taken from Line 1, Fe(III) dosing and Line 2, Fe(II) dosing in Leeuwarden were virtually 
 

369 the same. Between 94 and 96 % of the total Fe was Fe(II). Iron in vivianite represented 36 and 32 
 

370 % of the total Fe in Lines 1 and 2 respectively. The significant (33 and 35 %) paramagnetic 
 

371 contribution to the spectra which was not magnetically split at 4.2 K was assigned to Fe(II) in 
 

372 pyrite, FeS2. All other Fe species in these samples (summing up to about 30 %) could not be 
 

373 decisively assigned. Mössbauer spectra of a digested sludge sample taken in Leeuwarden to which 
 

374 sulphide was added contained the unknown Fe(II) compound that was still paramagnetic at 4.2 K 
 

375 (data not shown as this sample was exposed to oxygen), which contributed 20-21 % to the total Fe 
 

376 pool in the samples from Lines 1 and 2. Thus, we assumed this very well defined compound (Γ = 
 

377 0.4 mm s
-1

) is a sulphur phase. However, many iron sulphide (FeSx) and iron sulphate compounds 
 

378 can be excluded as they are magnetic split at 4.2 K or because they have different Mössbauer 
 

379 parameters (Mullet et al., 2002; Sklute et al., 2015; Yoshida and Langouche, 2013). The presence 
 

380 of FeP minerals cannot be excluded (Dyar et al., 2014), for instance, the Mössbauer parameters of 
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381 anapaite, Ca2Fe
2+

(PO4)2· 4H2O are close to the values we obtained (Eeckhout et al., 1999). 
 

382 Overall, we cannot assign this spectra to a certain Fe phase. The Fe(III) phase is an iron oxide 
 

383 possibly hematite, Fe2O3 (Murad and Cashion, 2004). 
 
 

384 The spectra obtained for the digested sludge sample in Leeuwarden showed that vivianite was the 
 

385 only FeP present (73 %). About 28 % of Fe comes from oxidized vivianite and 45 % of the Fe 
 

386 from vivianite unaffected by oxidation. The remaining 27 % of Fe(II) in this sample was pyrite. 
 

 

387 In the samples from the STP Nieuwveer, Fe(II) dominated as well. The samples contained 
 

388 vivianite, pyrite, an Fe(III) having Mössbauer parameters resembling those of hematite, Fe2O3 

 

389 (Murad and Cashion, 2004) and a paramagnetic (doublet) Fe(II) species that might be assigned to 
 

390 vivianite. The isomer shift of this Fe(II) is close to the one of vivianite, and the quadrupole 
 

391 splitting is also consistent with paramagnetic vivianite. Our measurements were made close to the 
 

392 Neel temperature (magnetic ordering temperature) of vivianite (12 K). It could be that some 
 

393 dispersed vivianite structures or vivianite structures with impurities are still paramagnetic at 4.2 
 

394 K. The quantification of vivianite using XRD suggested that this unknown Fe(II) is vivianite 
 

395 (Table 4). However, this Fe(II) could also be vivianite overlapping with another phase; as well as 
 

396 it can be another Fe compound other than vivianite. In the surplus sludge of the A-stage about 69 
 

397 % of the Fe was present as vivianite, additional 18 % as the potential vivianite phase, 9 % as 
 

398 pyrite and 4 % as Fe2O3. The Fe in the surplus sludge sampled from the B-stage was assigned to 
 

399 vivianite (55 %), to the potential vivianite phase (33 %), pyrite (7 %) and to Fe2O3 (5 %). In 
 

400 digested solids, 54 % of the Fe could be firmly assigned to vivianite, 27 % were assigned to the 
 

401 potential vivianite phase, the share of pyrite was (15 %) and the remaining Fe (4 %) was assigned 
 

402 to Fe2O3. For the subsequent discussions, it was assumed that the Fe(II) species that could not 
 

403 clearly be assigned to vivianite with Mössbauer spectroscopy was in fact vivianite. 
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404 In all samples from Nieuwveer and in digested sludge from Leeuwarden no iron phosphate 
 

405 minerals besides vivianite were present. In surplus sludge from Leeuwarden the presence of other 
 

406 FeP phases than vivianite, cannot be excluded. Only, minor fractions of P can be adsorbed to the 
 

407 Fe2O3. 
 
 

408 Table 3: Results of Mössbauer measurements at 4.2 K. Experimental uncertainties: Isomer shift (IS): ± 

409 0.01 mm s
-1

; Quadrupole splitting (QS): ± 0.01 mm s
-1

; Line width (Γ): ± 0.01 mm s
-1

; Hyperfine field: ± 

410 0.1 T; Spectral contribution: ± 3%. 
 

Sample IS 

(mm·s
-1

) 

QS 

(mm·s
-1

) 
Hyperfine 
field (T) 

Γ 

(mm·s
-1

) 
 Phase Spectral 

contribut 

ion (%) 

 
Leeuwarden 

Surplus Sludge 
Line 1: (Fe(III) 

dosing 

0.27 
0.37 

0.93 

1.29 

1.01 
1.26 

0.88 
0.05 

- 
2.47 

1.00 
3.71 

- 
51.8 
19.3 

- 

11.4 
24.8 

0.84 
0.58 

0.74 

0.47 

1.07 
1.07 

Fe2+ 

Fe3+ 

Fe2+ 

Fe2+ 

Fe2+ 

Fe2+ 

Pyrite 

Fe2O3 

 

 
Vivianite I 

Vivianite II 

33 
6 

5 

20 

14 
22 

 
Leeuwarden 

Surplus Sludge 

Line 2: (Fe(II) 
dosing) 

0.29 
0.37 

1.07 

1.31 
1.01 
1.11 

0.84 
-0.20 

- 

2.48 
0.61 
3.37 

- 
51.4 

24.7 

- 
11.4 
26.4 

0.87 
0.58 

0.77 

0.46 
1.07 
1.07 

Fe2+ 

Fe3+ 

Fe2+ 

Fe2+ 

Fe2+ 

Fe2+ 

Pyrite 

Fe2O3 

 

 
Vivianite I 

Vivianite II 

35 
4 

8 

21 
15 
17 

 
Leeuwarden 

digested solids 

0.42 

0.50 

0.71 
1.20 

1.25 

0.79 

-0.84 

0.81 
0.50 

2.70 

- 

46.0 

46.3 
10.0 

26.7 

0.72 

1.41 

1.41 
1.18 

1.18 

Fe2+ 

Fe3+ 

Fe2+ 

Fe2+ 

Fe2+ 

Pyrite 

Oxidized 

vivianite 

Vivianite I 

Vivianite II 

27 

15 

13 
24 

21 

 
Nieuwveer 

Surplus sludge 

A-stage 

0.27 

0.38 

1.21 

1.22 
1.21 

1.00 

-0.19 

2.79 

2.27 
3.13 

- 

51.9 

- 
15.0 
26.4 

0.92 

0.86 

0.79 

0.64 
0.64 

Fe2+ 

Fe3+ 

Fe2+ 

Fe2+ 

Fe2+ 

Pyrite 

Fe2O3 

Dispersed vivianite 

Vivianite I 

Vivianite II 

9 

4 

18 

21 
48 

 
Nieuwveer 

Surplus sludge 

B-stage 

0.33 
0.37 

1.16 

1.26 
1.18 

0.88 
-0.14 

2.92 

2.23 
3.32 

- 
49.8 

- 

14.9 
26.2 

0.87 
0.86 

0.92 

0.93 
0.93 

Fe2+ 

Fe3+ 

Fe2+ 

Fe2+ 

Fe2+ 

Pyrite 

Fe2O3 

Dispersed vivianite 

Vivianite I 

Vivianite II 

7 
5 

33 

18 
37 

 
Nieuwveer 

Digested solids 

0.33 
0.37 

1.21 

1.16 
1.20 

0.88 
0.20 

2.86 

2.21 
3.05 

- 
48.9 

- 

15.0 
26.8 

0.87 
0.86 

1.23 

0.77 
0.77 

Fe2+ 

Fe3+ 

Fe2+ 

Fe2+ 

Fe2+ 

Pyrite 

Fe2O3 

Dispersed vivianite 

Vivianite I 

Vivianite II 

15 
4 

27 

15 
39 

Vivianite 

Standard 

0.35 

0.77 

1.35 

1.36 

0.45 

-0.54 

2.36 

3.14 

44.2 

50.2 

14.8 

27.4 

1.24 

1.15 

0.64 

0.53 

Fe3+ 

Fe2+ 

Fe2+ 

Fe2+ 

Oxidized 

vivianite 

Vivianite I 

Vivianite II 

13 

12 

29 

46 

411 
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412 3.3.4 Extractions 
 

413 Water, pyrophosphate and ammonium oxalate were used to extract Fe from digested sludge 
 

414 sampled in Leeuwarden (Figure 4A) and Nieuwveer (Figure 4B). Water was the mildest extract 
 

415 and dissolved 0.3 and 1 % of the total solid Fe in Leeuwarden and Nieuwveer respectively. This 
 

416 was expected, considering the relatively low solubility of FeSx and vivianite that dominated the 
 

417 digested sludge samples (Al-Borno and Tomson, 1994; Davison, 1991). However, in both STPs 
 

418 about 60 % of the water extractable Fe was Fe(III). During pyrophosphate extraction all dissolved 
 

419 Fe species were quantified, summing up to between 40 % (Nieuwveer) and 60 % (Leeuwarden) of 
 

420 the Fe. Considering the Mössbauer measurements, Fe bound in pyrite or vivianite must be part of 
 

421 this fraction. Thus, the Fe extracted using pyrophosphate was mainly of non-organic origin. 
 

422 Pyrophosphate extracts rather Fe from vivianite than from FeSx (Carliell-Marquet et al., 2009). In 
 

423 Leeuwarden, the Fe fraction in pyrophosphate (58±7 %) is in a similar range as vivianite (57 %, 
 

424 Mössbauer spectroscopy). However, in Nieuwveer, the pyrophosphate extracted Fe (41±1%) was 
 

425 much less than Fe bound in vivianite (81 %, Mössbauer spectroscopy). Ammonium oxalate 
 

426 extracted from Leeuwarden digested sludge all Fe (85 % as Fe(II)) and around 80 % of the Fe in 
 

427 Nieuwveer digested sludge (65 % as Fe(II)). Compared to the Mössbauer measurements, this 
 

428 indicates that the oxalate extraction and subsequent spectrophotometric determination of 
 

429 Fe(II)/Fe(III) overestimate the Fe(III) content by about 10 and 25 %. The described uncertainties 
 

430 for the spectrophotometric measurements for dissolved Fe(II)/Fe(III) could also affect the results 
 

431 of the Fe extraction. 
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432 Figure 4: Extraction of Fe from digested sludge using different extracts. The error bars indicate standard 

433 deviation (n=3). 
 

434 3.3.5 P bound to FeP 
 

435 The maximum amount of P bound that could be bound to Fe was estimated by using the elemental 
 

436 composition of the solids. Sulphide extraction was used to dissolve P bound to Fe. Phosphorus 
 

437 bound in vivianite was determined by semi-quantitative XRD and by Mössbauer spectroscopy 
 

438 (Table 4). The results for Leeuwarden indicate that in surplus sludge between 9 % (Mössbauer 
 

439 spectroscopy) and 13 % (XRD) and after digestion between 18 % (XRD) and 29 % (Mössbauer 
 

440 spectroscopy) of the P is bound in vivianite. According to XRD, the majority of P was bound in 
 

441 struvite in surplus (43 %) and digested sludge (35 %). These values are higher than the maximum 
 

442 values obtained from the elemental compositions . Thus, semi quantitative XRD overestimated the 
 

443 struvite content in the sludge. 
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444 In the A-stage and the B-stage, estimates were in good agreement, about 50 % of the P in the A- 
 

445 stage and about 40 % of the P in the B-stage were bound in vivianite. After digestion, the 
 

446 estimates differ considerably between sulphide extraction (31 % of P bound to Fe) and Mössbauer 
 

447 spectroscopy and XRD (the latter two suggested 47 % and 53 % of the P are bound in vivianite). 
 

448 Additional, in Nieuwveer and Leeuwarden a maximum of 25 and 8 % of the total P could be 
 

449 bound to Al respectively. 
 

 

450 Table 4 indicates that, the elemental compositions of the samples tends to overestimate P bound to 
 

451 Fe as it does not take into account non Fe-FeP species (e.g. iron oxides, FeSx or organic bound 
 

452 Fe). The same principle applies in estimating P bound to Mg in struvite or to Al in aluminium 
 

453 phosphorus compounds (AlP). XRD may underestimate P bound to Fe as only the P bound to 
 

454 vivianite is detected. Also Mössbauer spectroscopy may underestimate P bound to Fe as not all 
 

455 compounds were identified and as the Fe2O3 can bind P. 
 
 

456 Table 4: Estimating P bound to FeP in different sewage (sludge) samples (n.d. = not determined). 

 

 

 

 

 

 

 

 

 

 

 
 

457 
 

458 4 Discussion 
 
 

459 Significant Fe loads entered both STPs via the influent, which could originate from the municipal 
 

460 sewage itself, from groundwater infiltration and from Fe dosing into the sewer system (Hvitved- 

 
Leeuwarden 

Average Line 1 & 2 Digested Sludge  
% of total P % of total P 

Vivianite/FeP Struvite/MgP Vivianite/FeP Struvite/MgP 

qXRD 13 43 18 35 

Mössbauer 9 - 29 - 

Elemental composition 26 36 36 25 

Sulfide 11 - 26 - 

 
Nieuwveer 

A-stage Surplus sludge B-stage Surplus Sludge Digested Sludge 
% of total P % of total P % of total P 

Vivianite/FeP Struvite/MgP Vivianite/FeP Struvite/MgP Vivianite/FeP Struvite/MgP 

qXRD 54 0 37 0 53 0 

Mössbauer 52 - 38 - 47 - 

Elemental composition 55 15 43 14 59 14 

Sulfide n.d. - n.d. - 31 - 
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461 Jacobsen et al., 2013; van den Kerk, 2005). This often neglected, but nevertheless, large Fe input 
 

462 could assist in P removal in STPs (Gutierrez et al., 2010). Despite of its significant contribution, 
 

463 the speciation of the influent Fe and whether it can support CPR or not was not determined. The 
 

464 Fe dosing in both STPs (as for most other STPs in The Netherlands) was relatively low. The 
 

465 molar ratios of Fe dosed to P entering via the influent was in Leeuwarden 0.13 and in Nieuwveer 
 

466 0.42 (Figure 1). External Fe sources (i.e. influent and external sludge) contributed to about 80 % 
 

467 of the total Fe in the STP Leeuwarden. Here, a large input of Fe via the external sludge into the 
 

468 digester was identified. This suggests that Fe dosing can be significantly reduced, the external Fe 
 

469 input is sufficient to prevent H2S emissions during anaerobic digestion. In Nieuwveer, the dosed 
 

470 Fe contributed more significantly to the total Fe budget, yet still 35 % of the total Fe load 
 

471 originated from the inflowing sewage and from external sludge. 
 

 

472 Dissolved Fe was measured to identify equilibrium concentrations with Fe compounds. However, 
 

473 it turned out that during the dynamic conditions in the treatment lines of any STP (oxidizing and 
 

474 reducing conditions coupled to high microbial activities) measuring of a static/equilibrium Fe 
 

475 concentration is arbitrary. Thus, the reported dissolved Fe levels should be seen as an order of 
 

476 magnitude for these zones. Except for the influent and effluent samples, by far most of the Fe is 
 

477 part of the solid fraction. Accordingly, it was shown that even Fe(II), as product of IRB, can 
 

478 remain part of the solid phase (Rasmussen and Nielsen, 1996). The high dissolved Fe 
 

479 concentrations in the surplus sludge of the A-stage in Nieuwveer (about 30 mg Fe L
-1

) highlighted 
 

480 the possibility of a slow or insufficient Fe(II) oxidation resulting in small dispersed Fe(III) and 
 

481 dissolved Fe(II). Sufficient oxidation and formation of Fe(III) oxides would cause a more rapid 
 

482 precipitation compared to Fe(II) (Ghassemi and Recht, 1971; Oikonomidis et al., 2010). 
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483 Improving the aeration of Fe(II) or dosing of Fe(III) may help to improve the limited COD 
 

484 removal in the A-stage of this STP (De Graaff et al., 2015). 
 

 

485 The methodology which we employed for ammonium oxalate extraction gave only rough 
 

486 estimates about the Fe(II)/Fe(III) content in the sludge. The pyrophosphate extraction did not 
 

487 reliably extract organic Fe, as explained earlier (Stucki, 2013). In this study, Mössbauer 
 

488 spectroscopy was the most reliable method for quantifying and identifying Fe and FeP 
 

489 compounds. In contrast to XRD, Mössbauer spectroscopy can detect also amorphous Fe and FeP 
 

490 phases with very small particle sizes in low abundances provided appropriate standards have been 
 

491 prepared. On the other hand XRD detects all crystalline P compounds, also the ones that do not 
 

492 contain Fe. Mössbauer spectroscopy and XRD collectively showed that the solid Fe compounds of 
 

493 surplus sludge and anaerobic digested sludge were dominated by the ferrous phosphate mineral 
 

494 vivianite. Ferric iron did not play a significant role in any of the solid samples. Besides vivianite, 
 

495 the other major Fe compound was pyrite (Table 3). 
 

 

496 In a membrane bioreactor with anoxic/aerobic zones, Fe(III) dominated the solid iron pool (Wu et 
 

497 al., 2015) also in sludge sampled from the aeration tank of an STP using Fe(II) for CPR, 
 

498 ammonium oxalate extraction showed that Fe(III) dominated (Rasmussen and Nielsen, 1996). 
 

499 However, in our samples, regardless of aerobic zone in the STPs, Fe(II) was dominant. 
 

 

500 How is that possible? First, despite aerated areas, the sludge itself is partly non-aerated e.g. during 
 

501 low loading rates on weekends or in the night, in settlers and in the anoxic zones allowing the 
 

502 reduction of Fe(III). In flocs, oxygen free conditions can prevail throughout the treatment process 
 

503 due to diffusion limitation and when relatively low dissolved oxygen set-points are used. Thus, 
 

504 once vivianite is formed, anoxic conditions in flocs may help to channel it, without oxidation, 
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505 through the aerated nitrification zone. Both, ours (SEM-EDX) and earlier research (Frossard et al., 
 

506 1997; Zelibor et al., 1988) showed that vivianite is often part of an organic matrix. 
 

 

507 High activity of IRB in STPs has been measured which could result in rapid Fe(III) reduction and 
 

508 thus vivianite production (Cheng et al., 2015; Rasmussen and Nielsen, 1996). Assuming the 
 

509 reduction rates from Rasmussen and Nielsen, 1996, it would take between 19 h and 4 days in 
 

510 Leeuwarden and between 24 h and 5 days in Nieuwveer to reduce all solid Fe in the surplus 
 

511 sludge. These figures also indicate that Fe(III) reduction after sampling could influence the 
 

512 oxidation state of the Fe in samples. Once vivianite is formed, its chemical oxidation is relatively 
 

513 slow, on the time scale of weeks (Miot et al., 2009; Roldan et al., 2002). The oxidation by 
 

514 anaerobic nitrate-reducing iron-oxidizing bacteria was faster: it took approximately 16 days for 
 

515 complete oxidation (Miot et al., 2009). We could not find information on how long iron-oxidizing 
 

516 bacteria in the presence of oxygen would need for the oxidation of Fe(II) in vivianite. 
 

 

517 In Nieuwveer and in Line 2 in Leeuwarden, where Fe(II) is dosed for CPR, the mechanisms of 
 

518 vivianite formation were not obvious. Vivianite could either directly precipitate from solution or 
 

519 formed as a result of Fe(III) reduction. Indirect chemical Fe(III) reduction, induced by e.g. 
 

520 sulphide, FeSx or via humic substances (Biber et al., 1994; Golterman, 2001; Kappler et al., 2004) 
 

521 or direct Fe(III) reduction by IRB (Azam and Finneran, 2014; Cheng et al., 2015; Nielsen, 1996; 
 

522 Zhang, 2012) may have caused the formation of Fe(II) and subsequent precipitation of vivianite. 
 

523 Vivianite could also be precipitated directly from solution as a result of Fe(II) dosing, possibly 
 

524 combined with insufficient oxidation of Fe(II) (Ghassemi and Recht, 1971). In Line 1 in 
 

525 Leeuwarden where Fe(III) is dosed, also most of the solid Fe was present as Fe(II), mainly as 
 

526 vivianite. Here, chemical or biologically Fe(III) reduction must play a role. To what extent 
 

527 vivianite forms already in the sewer systems cannot be determined by our measurements. 
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528 When Fe(III) is used for CPR, it was suggested that first Fe(III) oxides form which cause the P 
 

529 removal via co-precipitation or adsorption (Smith et al., 2008). If the Fe:P ratio of these initial 
 

530 ferric FeP is higher than the one of vivianite (molar Fe:P=1.5) as suggested before by Fulazzaky et 
 

531 al., 2014 and Luedecke et al., 1989, then Fe(III) reduction and subsequent formation of vivianite 
 

532 can act as a net sink for P. Hence, oxidation of Fe(II) in vivianite could result in P release due to a 
 

533 higher molar Fe:P ratio in the formed products (Miot et al., 2009; Roldan et al., 2002). In case of 
 

534 FeP with a molar Fe:P of 1 (e.g. strengite), Fe(III) reduction would cause a slight net P release. 
 

535 However, more significant P release could only be expected when vivianite formation would be 
 

536 prevented as documented in the presence of sulphide when FeSx are formed (Roden and Edmonds, 
 

537 1997). Accordingly, in our experiments, addition of sulphide to the vivianite containing sludge 
 

538 caused a relatively quick (4 h) and significant P release. 
 

 

539 Vivianite is very efficient in removing P from solution due to a very low solubility (pksp≈36, Al- 
 

540 Borno and Tomson, 1994). Fe(II) dosing for o-P removal in oxygen free conditions resulted in 
 

541 vivianite formation (Ghassemi, Recht 1971). The same researchers demonstrated that, in pure 
 

542 water, stoichiometry of o-P removal was more efficient with Fe(II) compared to Fe(III), resulting 
 

543 in lower residual o-P concentrations at optimum pH, and Fe(II) showed an optimum pH for o-P 
 

544 removal (pH=8) closer to common sewage. On the other hand, faster kinetics of Fe(III)P 
 

545 formation, faster settling of the formed Fe(III)P, a broader pH range for o-P removal and better 
 

546 COD flocculation properties were found for Fe(III) (Ghassemi and Recht, 1971; Gregory and 
 

547 O'Melia, 1989). In oxygen free freshwater (O'Connell et al., 2015; Rothe et al., 2014) and even in 
 

548 marine sediments (Jilbert and Slomp, 2013), in anoxic soils (Nanzyo et al., 2013; Peretyazhko and 
 

549 Sposito, 2005) and in septic tanks (Azam and Finneran, 2014) vivianite received attention as it 
 

550 plays an important role in P retention (see recent review by Rothe et al., 2016). For the formation 
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551 of spherical vivianite in sediments a model has been suggested based on the presence of polymeric 
 

552 gel structures (Zelibor et al., 1988). At least one of the crystals we found in Nieuwveer (Figure 
 

553 2B) resembles the crystals produced by Zelibor et al., 1988, indicating that the mechanism of 
 

554 vivianite formation could be similar in sediments and in biological STPs. 
 

 

555 Similar to Frossard et al., 1997, with SEM-EDX we found larger crystals (up to 150 µm in 
 

556 diameter) with a Fe:P ratio close to the one of vivianite in digested sludge. Such large crystals 
 

557 were not found before digestion. The growth of the vivianite particles during digestion may be the 
 

558 result of the additional SRT of several weeks under constantly anaerobic conditions. Ostwaldt 
 

559 ripening, particle aggregation or crystal growth at elevated temperature in the digester may have 
 

560 caused the growth of vivianite particles/crystals. However, vivianite showed relatively slow 
 

561 crystal growth rates in pure solutions with higher vivianite supersaturations than observed in our 
 

562 samples (Madsen and Hansen, 2014) and vivianite is not stable in the presence of sulphide 
 

563 (Nriagu, 1972). Moreover, various inhibitors of Ostwald ripening, like DOC, are present during 
 

564 the digestion process. The apparent growth of vivianite particles during the digestion process is 
 

565 not yet fully understood. 
 

 

566 XRD could not detect crystalline FeSx in any of the samples analysed. Whereas Mössbauer 
 

567 spectroscopy revealed that pyrite contributed significantly to the solid Fe pool and even was 
 

568 present in the surplus sludge (9–33 % of the total Fe). The pyrite in these solids could originate 
 

569 from the sewer system or they were formed during the treatment process (Ingvorsen et al., 2003; 
 

570 Nielsen et al., 2005; van den Brand et al., 2015). Oxidation of FeSx in STPs is on a time scale of 
 

571 hours (Gutierrez et al., 2010; Ingvorsen et al., 2003; Nielsen et al., 2005), it could occur in aerated 
 

572 zones of the STPs. However, if located in the core of the sludge flocs, FeSx might, similar to 
 

573 vivianite, pass aerated zone without being oxidized. 
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574 Quantification of P bound in FeP was performed by various approaches (Table 4). Vivianite 
 

575 bound P contributed in Leeuwarden about 10 % before digestion and around 30 % after digestion 
 

576 to the total solid P, according to Mössbauer spectroscopy. The quantifications using XRD 
 

577 suggested, P in struvite contributes before digestion around 43 % and after digestion about 35 % 
 

578 of the total P. This decrease can be explained by the external input of Fe in the digester. The 
 

579 dissolved P concentrations are usually quite high in anaerobic digesters due to organic matter 
 

580 degradation and, in EBPR plants, due to the release of polyphosphates from phosphate 
 

581 accumulating organisms. Thus, vivianite formation is not limited by the supply of P. The Fe from 
 

582 the external sludge will partly react with P to form vivianite, Fe dosing to anaerobic digesters is 
 

583 also a measure to prevent struvite scaling as vivianite is preferably formed (Mamais et al., 1994). 
 

584 Some of the added Fe could react with sulphide to form FeSx. Further P could be bound in 
 

585 biomass (phosphate accumulating organisms, cell material and debris) or in amorphous 
 

586 compounds associated with metals like Al, Mg or Ca. To be able to identify and quantify these P 
 

587 species would require the application of techniques like 
31

P-NMR, sequential extraction or X-ray 
 

588 absorption spectroscopy (e.g. Frossard et al., 1994; Wu et al., 2015). If, however, sufficient Fe(II) 
 

589 is available, vivianite is expected to be the dominant inorganic solid P compound in digesters. 
 

590 This would make a recovery technology targeting vivianite vastly more attractive. For Nieuwveer, 
 

591 Mössbauer spectroscopy indicates a decrease in vivianite bound P during digestion. Here the Fe:P 
 

592 increases only slightly due to external sludge input. Thus, the formation of FeSx during anaerobic 
 

593 digestion on expenses of vivianite causes a decrease in P bound to vivianite. 
 

 

594 XRD might not be able to detect small particles of vivianite and amorphous FeP which Mössbauer 
 

595 spectroscopy does detect. We consider XRD as a semi-quantitative method. In contrast to our 
 

596 expectations, XRD did not underestimate the vivianite bound P and results of Mössbauer 



  ACCEPTED MANUSCRIPT   

31 

 

 

 

 

 

597 spectroscopy were very similar (Table 4). This apparent match supports the assumption that the 
 

598 Fe(II) fraction in Nieuwveer, that Mössbauer spectroscopy could not clearly assign to vivianite, is 
 

599 actually vivianite. However, also the XRD results in Nieuwveer bear some uncertainty due to the 
 

600 presence of a peak that could not be assigned. Maximum quantities of P bound in FeP, AlP and 
 

601 MgP were estimated using the elemental composition of the TS. It was assumed that all Fe, Al and 
 

602 Mg is bound to P and thus other fractions of these elements were neglected. However, the 
 

603 elemental composition was, at least for the Fe, able to give good estimates on P bound to Fe. 
 

604 Sulphide was added to sample to extract P bound to Fe (Kato et al., 2006). In Leeuwarden, the 
 

605 sulphide extractable P fractions in digested sludge and in surplus sludge from Line 1 matched very 
 

606 well with P in vivianite obtained from Mössbauer spectroscopy. In Nieuwveer, the release of P 
 

607 from digested sludge in response to sulphide addition was much lower (31 %) compared to the P 
 

608 bound in vivianite (about 50 %). However, also the molar Fe:P was about 20 % lower in the 
 

609 sludge that was used for sulphide extraction. Translating the P release efficiency of sulphide to the 
 

610 sludge with the 20 % higher Fe:P ratio, we would expect a P release of about 40 %. Hence, 
 

611 sulphide extraction and Mössbauer spectroscopy would match better. It seems likely that the gap 
 

612 between sulphide extraction and the other methods is due to a difference in the sludge samples. 
 

613 Perhaps the released P, re-precipitated with other metals. However,  from  potential  counter ions 

614 (Mg, Ca and Al), only Ca concentrations dropped noteworthy by 2 mmol L
-1 

(net P release was 13 

615 mmol L
-1

). Or else vivianite particles were present in Nieuwveer in another form (see Mössbauer 

616 results) then the ones in Leeuwarden (e.g. more crystalline, enclosed by other minerals/organic) 
 

617 that made vivianite less reactive/unreactive to sulphide exposure. Overall, all methods gave good 
 

618 estimates for P bound to Fe and for P bound in vivianite. The elemental composition is the easiest 
 

619 method but gives the less accurate result. Sulphide extractions is relatively simple, here P is 
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620 released from all Fe compounds without determining the type of FeP present. XRD is a popular 
 

621 and common method. It allows the quantification of crystalline FeP only. In our case all Fe bound 
 

622 P was vivianite, hence the quantification worked well. In sludge with amorphous FeP or dispersed 
 

623 vivianite, XRD will not be able to quantify P bound to Fe. Mössbauer spectroscopy is, however, 
 

624 able to detect amorphous and crystalline Fe compounds very accurately. In Nieuwveer, about 1/3 
 

625 of the Fe(II) that was assigned to vivianite could also be another Fe(II) phase. Preparation of 
 

626 appropriate standards may help to identify this Fe(II) using Mössbauer spectroscopy in future. In 
 

627 general, Mössbauer gives very accurate qualitative/quantitative results but it should be used in 
 

628 combination with other complementary methods like XRD. 
 
 

629 5 Conclusion 
 
 

630 Mössbauer spectroscopy indicated that vivianite and pyrite were the dominating solid Fe 
 

631 compounds in the surplus and anaerobically digested sludge from two STPs applying CPR and 
 

632 EBPR. XRD confirmed that vivianite was the major FeP in the samples. None of the sludge 
 

633 samples contained a significant amount of Fe(III) although besides Fe(II) also Fe(III) was dosed. 
 

634 Likely, this is related to fast iron reduction processes and slow vivianite oxidation rates. Studying 
 

635 Fe chemistry, helped to identify measures on how sewage treatment can be improved. In 
 

636 Leeuwarden, Fe dosing, to prevent sulphide emissions, can be reduced. In Nieuwveer, improving 
 

637 the aeration to form Fe(III) would improve COD removal in the A-stage. To assess the role of 
 

638 vivianite and the potential of a P recovery technology targeting on FeP, further STPs with 
 

639 different treatment designs (higher Fe dosing and particularly higher Fe(III) dosing) should be 
 

640 analysed as well. If vivianite is a general iron precipitant in STPs it could offer new routes for P 
 

641 recovery. 
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880 Table A. 1: Measured parameters in the STP Leeuwarden. The reported values are the mean and the standard deviation of the three measurement 

881  campaigns between December 2013 and February 2014. In each campaign all measurements were made in triplicates. The Effluent from line 2 

882 was only measured once. 
 

 

 
LWD 

 
T 

(
o
C) 

 

 
pH 

 
ORP 

(mV) 

 
TS 

(g/kg) 

 
VS 

(g/kg) 

 
TA 

(mEq/L) 

 
Fe(II) 

(mg/L) 

 
Fe(III) 

(mg/L) 

Total 

Dissolved 

Fe-Ferrozine 

(mg/L) 

Total 

Dissolved 

Fe-ICP 

(mg/L) 

 

Total 

Fe 

(mg/kg) 

Total 

Solid 

Fe 

(mg/g TS) 

 
o-P 

(mg P/L) 

Total 

Dissolved 

P 

(mg/L) 

 

Total 

P 

(mg/kg) 

Total 

Solid 

P 

(mg/g TS) 

 
S-SO4 

(mg S/L) 

Total 

Dissolved 

S 

(mg/L) 

 

Total 

S 

(mg/kg) 

Total 

Solid 

S 

(mg/g TS) 

Influent 
11.6 
(4.6) 

7.9 
(0.1) 

-195 
(61) 

1.2 
(0.2) 

0.4 
(0.1) 

10.4 
(4.4) 

0 0.3 
0.3 
(0) 

0.2 
(0.1) 

1.7 
(0.4) 

1.2 
(0.2) 

4.5 
(2.8) 

5.3 
(3.1) 

7.5 
(3.8) 

2.1 
(1) 

9.6 
(1.9) 

9.4 
(3.1) 

18.2 
(8.3) 

7.5 

(7.6) 

Effluent 11.2 7.6 62 0.7 0.1 6.9 
0 0.1 

0.1 0.1 0.3 0.1 0.4 0.5 0.9 0.5 11 10.5 15.7 8.4 

line 1 (1.6) (0.2) (63) (0.2) (0.0) (0.5) (0.1) (0.0) (0.1) (0.1) (0.3) (0.4) (0.4) (0.4) (1.2) (1.2) (5.5) (10.2) 

Effluent 

line 2 
12.2 7.8 45 0.9 

0.1 

(n.d.) 

5.6 

(n.d.) 
0 0.1 0.1 0.1 0.5 0.4 0.2 0.3 0.4 0.2 12.4 13 13.6 0.7 

Before Fe 11.4 7.4 -156 4.2 3 9.1 
 

0.1 

 
0.6 

0.7 0.7 52.5 12.2 10.1 11.2 109.8 23.4 11 10.1 38 6.6 

dosing line 2 (4.6) (0.1) (35) (0.1) (0.2) (1.5) (0.3) (0.3) (9.5) (2.0) (9.9) (10.4) (16.9) (1.4) (1.8) (2.6) (1.8) (0.6) 

After Fe 11.7 7.3 -18 4.7 3.2 7.6 
0.1 0.5 

0.6 0.5 59.1 12.7 1.6 2 119.8 25.2 11.3 10.4 41.8 6.7 

dozing line 2 (4.5) (0.0) (40) (0.4) (0.3) (0.9) (0.3) (0.3) (16.3) (3.7) (0.6) (0.8) (19.9) (2.2) (1) (2.5) (10.1) (1.8) 

Surplus 12.3 7.4 -42 69 4.9 8.9 
0.1 0.5 

0.6 0.5 106.4 15.3 2.7 3.4 188.9 27.1 11.4 10.5 53.9 6.4 

sludge line 1 (2.7) (0.1) (75) (0.7) (0.7) (0.7) (0.1) (0.1) (25.2) (2.7) (1.2) (1.4) (9.1) (2.2) (1.2) (2.1) (5.1) (0.4) 

Surplus 12.4 7.3 -90 69 4.9 9.5 
0.6 0.6 

1.1 1.2 96.8 13.8 4.3 5.6 192 26.9 11.2 11 58.3 6.9 

sludge line 2 (3.7) (0.0) (8) (0.3) (0.1) (0.7) (0.3) (0.4) (37.8) (4.9) (0.4) (0.0) (5.7) (0.6) (1.6) (3.5) (8.3) (0.4) 

Digested 29.3 7.4 -380 45.6 28.4 157.8*/211.7** 
 

0.6 

 
1.6 

2.1 1.7 1849.7 40.5 169.6 179.3 1970.6 39.4 5.1 7.1 418.5 9 

sludge (0.2) (0.1) (27) (0.7) (0.8) (11.9/30.8) (0.2) (0.4) (92.3) (1.9) (22.4) (33.6) (149.1) (3.3) (2.4) (1.8) (21.6) (0.4) 

*Supernatant after centrifugation 

883      ** Raw  sludge 

 
 
 
 
 
 
 
 
 
 
 

884 
 

885 

 

 
LWD 

Total 

Dissolved 

Al 

(mg/L) 

 

Total 

Al 

(mg/kg) 

Total 

Solid 

Al 

(mg/g TS) 

Total 

Dissolved 

Mg 

(mg/L) 

 

Total 

Mg 

(mg/kg) 

Total 

Solid 

Mg 

(mg/g TS) 

Total 

Dissolved 

Ca 

(mg/L) 

 

Total 

Ca 

(mg/kg) 

Total 

Solid 

Ca 

(mg/g TS) 

Total 

Dissolved 

K 

(mg/L) 

 

Total 

K 

(mg/kg) 

Total 

Solid 

K 

(mg/g TS) 

Total 

Dissolved 

Na 

(mg/L) 

 

Total 

Na 

(mg/kg) 

Total 

Solid 

Na 

(mg/g TS) 

Influent <0.1 <1.25 - 
12.3 

(0.7) 

13.9 

(2.4) 

1.7 

(2.4) 

64.1 

(12.3) 

75 

(9.7) 

10.6 

(9.3) 

20.6 

(9.8) 

25.8 

(14.6) 

4.5 

(4.1) 

178.6 

(43.8) 

213.6 

(14.6) 

34.1 

(29.9) 

Effluent 

line 1 
<0.05 <1.25 - 

10.3 

(1.6) 

11 

(1.6) 

1.1 

(0.6) 

58.4 

(11.2) 

64 

(9) 

8.8 

(4.9) 

13.5 

(2) 

15.4 

(2.8) 

2.2 

(2.9) 

164.3 

(48.2) 

173.5 

(45.7) 

14 

(7.3) 

Effluent 

line 2 
<0.05 <1.25 - 12.9 13.2 0.3 72.4 75.2 3.3 13.2 17.4 4.8 194.5 201 7.7 

Before Fe 

dosing line 2 

 
<0.2 

 

21.2 
(1.2) 

 

5 
(0.4) 

 

13.6 
(1.5) 

 

34.4 
(1.8) 

 

4.9 
(0.1) 

 

59.8 
(15.9) 

 

151.3 
(17.6) 

 

21.7 
(7.4) 

 

21.1 
(7.4) 

 

54.1 
(2.1) 

 

7 
(1.2) 

 

168.1 
(61.7) 

 

181.8 
(61.9) 

 

3.4 
(1.1) 

After Fe 

dozing line 2 
<0.1 

23 
(1.5) 

5 
(0.6) 

11.7 
(1.6) 

36.9 
(3.7) 

5.4 
(0.6) 

61 
(12.2) 

158.2 
(22.2) 

20.7 
(3.9) 

16.2 
(1.9) 

57.64 

(2.7) 

36.8 
(49.1) 

154.3 
(43.6) 

168.2 
(46.6) 

3.1 
(0.8) 

Surplus 

sludge line 1 
<0.2 

34.3 

(7.9) 

5 

(0.7) 

11.8 

(1.5) 

50.5 

(2) 

5.7 

(0.7) 

58.8 

(10.8) 

207.8 

(11.3) 

22 

(3.8) 

18.1 

(0.3) 

78.7 

(5.4) 

25 

(27.2) 

168.2 

(50.4) 

191.5 

(43.4) 

3.6 

(1.3) 

Surplus 

sludge line 2 
< 0.2 

34.7 
(7.6) 

5 
(0.9) 

13 
(2.9) 

51 
(3) 

5.5 
(0.2) 

59.8 
(15.6) 

205.8 
(0.4) 

21.3 
(3.1) 

19.8 
(1) 

76.7 
(10.0) 

8.3 
(1.0) 

163.7 
(47.1) 

171.8 
(45.0) 

1.3 
(0.3) 

Digested 

sludge 

 
<0.5 

239.8 
(17.4) 

5.3 
(0.4) 

5.4 
(4.5) 

370.8 
(37.5) 

8 
(0.8) 

49.9 
(5.2) 

1901 
(183.7) 

40.6 
(3.5) 

500.4 
(29.2) 

551.4 
(29.0) 

1.6 
(0.6) 

263.2 
(12.2) 

289.8 
(49.5) 

0.8 
(0.8) 

 



  ACCEPTED MANUSCRIPT   

46 

 

 

 

 

 

886 Table A. 2: Measured parameters in the STP Nieuwveer. Nieuwveer was only sampled once in March 2014. The reported values are the mean and 

887 standard deviation of triplicate  measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
888 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

889 

 

 
Nieuwveer 

 
T 

(
o
C) 

 

 
pH 

 
 

ORP 

(mV) 

 
 

TS 

(g/kg) 

 
 

VS 

(g/kg) 

 
 

TA 

(mEq/L) 

 
 

Fe(II) 

(mg/L) 

 
 

Fe(III) 

(mg/L) 

Total 

Dissolved 

Fe-Ferrozine 

(mg/L) 

Total 

Dissolved 

Fe-ICP 

(mg/L) 

 
Total 

Fe 

(mg/kg) 

Total 

Solid 

Fe 

(mg/g TS) 

 
o-P 

(mg P L
-1

) 

Total 

Dissolved 

P 

(mg/L) 

 
Total 

P 

(mg/kg) 

Total 

Solid 

P 

(mg/g TS) 

 
SO4 

(mg S L
-1

) 

Total 

Dissolved 

S 

(mg/L) 

 
Total 

S 

(mg/kg) 

Total 

Solid 

S 

(mg/g TS) 

Influent 9.8 7.3 10 
0.4 

(0.01) 

0.1 

(0.01) 
4.6 0 

0.3 

(0.0) 

0.3 

(0.0) 
0.2 

0.86 

(0.0) 
1.4 1.6 2.0 

2.9 

(0.0) 
2.3 10.8 10.8 

11.3 

(0.2) 
1.4 

Effluent 9.7 7 117 
0.3 

(0.02) 

0.08 

(0.0) 
2.1 0.0 

0.1 

(0.0) 

0.09 

(0.0) 
0.1 

0.23 

(0.0) 
0.5 0.8 1.1 

1.3 

(0.0) 
0.7 10.8 9.9 

10.4 

(0.1) 
1.6 

A-stage 9.4 7.1 -90 
3.6 

(0.1) 

2.8 

(0.1) 
11.8 0.0 

0.8 

(0.1) 

0.8 

(0.1) 
0.8 

82.5 

(2.1) 
22.4 1.0 1.5 

57.7 

(0.5) 
15.4 12.0 11.2 

20.9 

(2.1) 
2.7 

A-stage: 

Surplus sludge 
10 6.8 -264 

18.6 

(0.1) 

14.8 

(0.1) 
13.2 

18.3 

(1.1) 

12.7 

(0.1) 

31 

(1.2) 
32.4 

436.7 

(23.6) 
21.8 18.9 31.2 

290.2 

(15.3) 
13.9 10.0 16.8 

89.5 

(2.6) 
3.9 

B-stage: 

Surplus sludge 
9.4 7 -109 

14.9 

(0.3) 

11.6 

(0.2) 
9.1 0.0 

1.9 

(0.0) 

1.9 

(0.03) 
1.4 

426.7 

(9.4) 
28.6 5.5 7.2 

375 

(7.1) 
24.8 10.9 11.4 

107.8 

(3.5) 
6.5 

External sludge 

before digestion 
17 6 -294 

75.9 

(8.1) 

58.3 

(5.9) 
30.2 

70.7 

(1.2) 

26.8 

(26.9) 

97.6 

(7.8) 
90.0 

1747 

(139) 
21.8 12.9 54.8 

1121.8 

(82.9) 
14.1 18.6 15.3 

347 

(21.6) 
4.4 

Digested 

sludge 
27 7.7 -322 

41.6 

(0.1) 

24.8 

(0.7) 
140.7 

0.1 

(0.0) 

3.0 

(0.1) 

3.1 

(0.1) 
3.0 

2389 

(78.7) 
57.4 70.2 73.8 

1558.2 

(29.2) 
35.8 7.1 14.5 

442.2 

(8.4) 
10.3 

 

 

 
Nieuwveer 

Total 

Dissolved 

Al 

(mg/L) 

 
Total 

Al 

(mg/kg) 

Total 

Solid 

Al 

(mg/g TS) 

Total 

Dissolved 

Mg 

(mg/L) 

 
Total 

Mg 

(mg/kg) 

Total 

Solid 

Mg 

(mg/g TS) 

Total 

Dissolved 

Ca 

(mg/L) 

 
Total 

Ca 

(mg/kg) 

Total 

Solid 

Ca 

(mg/g TS) 

Total 

Dissolved 

K 

(mg/L) 

 
Total 

K 

(mg/kg) 

Total 

Solid 

K 

(mg/g TS) 

Total 

Dissolved 

Na 

(mg/L) 

 
Total 

Na 

(mg/kg) 

Total 

Solid 

Na 

(mg/g TS) 

Influent <0.1 
0.3 

(0.0) 
0.9 5.2 

5.6 

(0.0) 
1.2 44.0 

45.7 

(0.1) 
4.7 14.0 

14.6 

(0.2) 
1.5 48.8 

47.1 

(0.2) 
- 

Effluent <0.05 <0.2 - 4.5 
4.7 

(0.1) 
0.7 37.3 

37.9 

(0.5) 
2.2 11.2 

12.9 

(0.2) 
5.5 43.6 

42.7 

(0.7) 
- 

A-stage <0.5 
19.4 

(1.6) 
5.3 4.7 <17 - 40.3 

143.3 

(5.2) 
28.3 13.1 

34.8 

(0.7) 
6 45.4 <83 - 

A-stage: 

Surplus sludge 
<0.2 

82.2 

(7.3) 
4.4 10.7 

39.7 

(2.8) 
1.6 88.5 

373.3 

(23.6) 
15.4 34.7 

69.7 

(4.7) 
1.9 56.7 <83 - 

B-stage: 

Surplus sludge 
<0.2 

77.5 

(1.2) 
5.2 5.6 

46 

(0.9) 
2.7 39.8 

309.5 

(10.1) 
18.2 20.5 

100.5 

(4.9) 
5.4 44.4 <83 - 

External sludge 

before digestion 
<0.5 

451.5 

(50.4) 
5.9 34.2 

137.2 

(4.6) 
1.4 215.5 

1226.4 

(40.5) 
13.5 107.5 

252.3 

(12.4) 
2 62.5 <170 - 

Digested 

sludge 
<0.5 

479.9 

(5.2) 
11.5 12.5 

170.9 

(4.2) 
3.8 41.8 

1251.2 

(13.9) 
29.1 196.0 

267.3 

(2.5) 
1.9 81.1 <160 - 
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890 

891 Figure A. 1: XRD diffractogram including peak list and peak assignment for surplus sludge solids sampled 

892 in Line 1 (Fe(III) dosing) in  Leeuwarden. 
 

893  

894 Figure  A.  2:  XRD  diffractogram  including  peak  list  and  peak  assignment  for  activated  sludge   solids 

895 sampled in Line 2 (Fe(II) dosing) in  Leeuwarden. 

896 
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897 

898 Figure A. 3: XRD diffractogram including peak list and peak assignment for surplus sludge solids sampled 

899 in Line 2 (Fe(II) dosing) in  Leeuwarden. 
 

900  

901 Figure  A.  4:  XRD  diffractogram  including  peak  list  and  peak  assignment  for  digested  sludge    solids 

902 sampled in Leeuwarden. 
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903 

904 Figure A. 5: XRD diffractogram including peak list and peak assignment for A-stage sludge solids sampled 

905 directly after Fe(II) dosing in Nieuwveer. 
 

906 
 
 

907  

908 Figure A. 6: XRD diffractogram including peak list and peak assignment for surplus A-stage sludge solids 

909 sampled in Nieuwveer. 

910 
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911 

912 Figure A. 7: XRD diffractogram including peak list and peak assignment for surplus B-stage sludge solids 

913 sampled in Nieuwveer. 
 

914 
 
 

915  

916 Figure  A.  8:  XRD  diffractogram  including  peak  list  and  peak  assignment  for  digested  sludge    solids 

917 sampled in Nieuwveer. 
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918 

919 Figure A. 9: XRD diffractogram including peak list and peak assignment for the vivianite   standard. 

920 

921 Table A. 3: Results of Mössbauer measurements at 300  K. 
 

Sample IS 

(mm·s
-1

) 

QS 

(mm·s
-1

) 

Hyperfine 

field (T) 

Γ 

(mm·s
-1

) 
 Phase Spectral 

contribution 

(%) 

 
Leeuwarden Line 1 

(Fe(III) dosing 

0.27 0.84 - 0.50 Fe3+ 57 
1.28 

1.49 

1.36 

2.40 

2.58 

0.96 

- 

- 

- 

0.36 

0.38 

0.31 

Fe2+ 

Fe2+ 

Fe2+ 

20 

17 

6 

 
Leeuwarden Line 2 

0.28 0.87 - 0.49 Fe3+ 56 
1.24 2.36 - 0.30 Fe2+ 19 

(Fe(II) dosing) 1.47 2.53 - 0.34 Fe2+ 18 

1.22 1.13 - 0.28 Fe2+ 7 

 
Leeuwarden 

digested solids 

0.27 0.93 - 0.54 Fe3+ 62 

1.17 

1.44 

2.46 

2.57 

- 

- 

0.32 

0.39 
Fe2+ 

Fe2+ 
14 

24 

 
Nieuwveer A-stage 

solids 

0.20 0.89 - 0.31 Fe3+ 11 

1.08 

1.31 

2.67 

2.74 

- 

- 

0.30 

0.34 
Fe2+ 

Fe2+ 
33 

56 

Nieuwveer B-stage 

solids 

0.31 
1.08 

0.85 
2.66 

- 
- 

0.48 
0.33 

Fe3+ 

Fe2+ 
44 
21 

1.39 2.57 - 0.39 Fe2+ 35 

Nieuwveer digested 

solids 

0.30 
1.07 

0.91 
2.66 

- 
- 

0.51 
0.32 

Fe3+ 

Fe2+ 
45 
19 

1.37 2.64 - 0.39 Fe2+ 36 

Vivianite Standard 0.23 1.09 - 0.41 Fe3+ 20 
1.27 2.33 - 0.42 Fe2+ 28 

1.27 2.87 - 0.42 
Fe2+ 52 
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922 
 

923 Figure  A. 10:  Mössbauer  spectra  obtained  at  different  temperatures  with  the  surplus  sludge      solids 

924 sampled in Line 1 (Fe(III) dosing) in   Leeuwarden. 
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926 

 

927 Figure A.   11: Mössbauer spectra obtained at different temperatures with the surplus sludge   solids 

928 sampled in Line 2 (Fe(II) dosing) in   Leeuwarden. 
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930 
 

931 Figure A.   12: Mössbauer spectra obtained at different temperatures with the digested sludge   solids 

932 sampled in Leeuwarden. 

933 
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934 

935 Figure A.  13: Mössbauer spectra obtained at different temperatures with A-stage sludge solids sampled in 

936 Nieuwveer. 
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938 

939 Figure A.  14: Mössbauer spectra obtained at different temperatures with B-stage sludge solids sampled in 

940 Nieuwveer. 

941 
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942 

943 Figure A.  15: Mössbauer spectra obtained at different temperatures with digested sludge solids sampled 

944 in Nieuwveer. 
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1 Highlights: 
 

 

2 - Fe chemistry and its correlation with P in two sewage treatment plants (STPs) was studied 
 

3 - Surplus and digested sludge solids in the investigated STPs were dominated by Fe(II) 
 

4 - The Fe(II)P mineral vivianite was a major iron compound in all samples 
 

5 - We hypothesize: Vivianite is a key compound in all STPs and offers new P recovery 
 

6 routes 


