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The recovery of phosphorus from secondary sources like sewage sludge is essential in a world suffering
from resources depletion. Recent studies have demonstrated that phosphorus can be magnetically
recovered as vivianite (Fe(II)3(PO4);*8H20) from the digested sludge (DS) of Waste Water Treatment
Plants (WWTP) dosing iron. To study the production of vivianite in digested sludge, the quantity of Fe
dosed at the WWTP of Nieuwveer (The Netherlands) was increased (from 0.83 to 1.53 kg Fe/kg P in the
influent), and the possible benefits for the functioning of the WWTP were evaluated. Higher Fe dosing is
not only relevant for P-recovery, but also for maximal recovery of organics from influent for e.g. biogas
production. The share of phosphorus present as vivianite in the DS increased from 20% to 50% after the
increase in Fe dosing, making more phosphorus available for future magnetic recovery. This increase was
directly proportional to the increase of Fe in DS, suggesting that vivianite could be favored not only
thermodynamically, but also kinetically. Interestingly, analyses suggest that several types of vivianite are
formed in the WWTP, and could differ in their purity, oxidation state or crystallinity. These differences
could have an impact on the subsequent magnetic separation. Following the Fe dosing increase, P in the
effluent and H,S in the biogas both decreased: 1.28 to 0.42 ppm for P and 26 to 8 ppm for H,S. No
negative impact on the nitrogen removal, biogas production, COD removal or dewaterability was
observed. Since quantification of vivianite in DS is complicated, previous studies were reviewed and we
proposed a more accurate Mossbauer spectroscopy analysis and fitting for sludge samples. This study is
important from a P recovery point of view, but also because iron addition can play a crucial role in future

resource recovery wastewater facilities.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

(Ohtake et al., 2019).
The phosphorus present in wastewater is normally removed at

Phosphorus (P) is an essential nutrient for all living organisms
and is a key element for global food production as it is widely used
as fertilizer (Childers et al., 2011). Currently, the raw material for its
production is mined phosphate rock. Unfortunately, the resources
are scarce and concentrated in a few countries (Morocco holds 70%
of the P-rock), which makes phosphorus a vulnerable resource
(Cordell et al., 2015). This situation creates the need to exploit
secondary sources of phosphorus like manure or sewage sludge
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the waste water treatment plant (WWTP). The most popular P-
removal strategies are enhanced biological phosphorus removal
(EBPR) and chemical phosphorus removal (CPR). The first relies on
phosphate accumulating organisms, while the second involves iron
dosing or, more rarely, aluminum dosing (Morse et al., 1998). While
phosphorus removal technologies are well-established and widely
applied, phosphorus recovery remains a challenge (Wilfert et al.,
2015). Currently, the two main recovery routes are via struvite
precipitation for WWTPs using EBPR, and after incineration for
those using CPR. However, both methods have limitations: the P-
recovery percentage is low for the former one (Cornel et al., 2009)
and infrastructure costs are high for the second (Desmidt et al.,
2015).

0043-1354/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Recent studies indicate that the mineral vivianite (Fe(Il)s(-
P0O4)3*8H,0) is an important P sink in the digested sludge from CPR
plants (Wilfert et al., 2016, 2018). Our team has demonstrated that
the magnetic extraction of vivianite from DS is possible at lab-scale,
opening a possible new route for P recovery (Prot et al., 2019).
Wilfert et al., (2018) suggest that higher Fe dosing could increase
the conversion of the P in sludge into vivianite, increasing the share
of magnetically recoverable P.

Besides its possible effect on vivianite production, increased Fe
dosing is in line with current trends in wastewater treatment.
Northern European countries such as the UK and Germany have
fixed low limits for P in WWTP effluent (0.15—0.3 ppm) that may
decrease even further in the future (European Sustainable
Phosphorus Platform, 2019). Such low P levels can only be ach-
ieved by CPR, usually by using Fe salts (Suresh Kumar et al., 2019).
Moreover, Fe addition to the primary settler or the A-stage of a
WWTP enhances the production of primary sludge, thus giving
higher biogas yield after digestion (Li et al., 2005). It appears that
the use of Fe in wastewater treatment fits in a future of net energy
producing plants.

To verify the hypothesis of Wilfert et al., a controlled Fe dosing
increase was realized to investigate the actual effect of the Fe
dosing on vivianite production. To achieve this, the Fe dosing was
doubled at the Nieuwveer WWTP (The Netherlands), and the re-
sults are presented in this article. Special attention is given to the
impact of the higher Fe dosing on the integral parameters of the
WWTP (e.g. P level in effluent, biogas production and N removal) to
ensure that vivianite production is not achieved to the detriment of
the WWTP’s primary objectives, and in the scope of future waste-
water treatment.

2. Materials and methods
2.1. WWTP and Fe dosing

The study took place at the AB plant in Nieuwveer (The
Netherlands) (influent: 69.77m>/day in 2018). There, a FeSO4 so-
lution is dosed in the aerated A-stage for P and COD removal. The
Solid Retention Times (SRTs) are 0.72 day for the A-stage, 13 days
for the B-stage and 20 days for the anaerobic digester. This WWTP
receives external sludge from other WWTPs at irregular intervals.
The external sludges are mixed with the A and B sludges before
being thickened and fed to the digester. The external sludge ac-
counts for ~30% of the total sludge volume.

To study the influence of the Fe dosing increase, the quantity of
FeSO4 dosed in the A-stage was doubled for 4 months. The dosing
can be broken down into 3 phases, as shown in Fig. 1. The phase II
with the highest Fe dosing will be the studied period.

2.2. Sample handling

Four samples were taken every two weeks from the sludge line:
the settled sludge from A-stage, the settled sludge from B-stage, the
mixed A-stage, B-stage and external sludge (MS) before digestion
and the digested sludge (Appendix A). The sludge line was sampled
twice in phase I, before the start of the Fe dosing as a reference and
once in phase IIl. Eight other samples were taken at regular in-
tervals for 4 months; after which time a steady-state should be
reached in all the units (Appendix A). Samples were poured to the
brim into air-tight polyethylene bottles and stored in a 4 °C fridge
after 4 h of transportation. At Nieuwveer, 1—2 mL of each sample
was immediately filtered (0.45 um filter) and fixed with 0.05 mL of
0.5M HCl to prevent Fe oxidation. These samples were analyzed
with the ferrozine method for Fe speciation and ICP-OES for
elemental composition. Sludge samples were centrifuged for

15 min at 3750 rpm. The cake was dried at 25 °C in a fume hood for
48h for Total Solid (TS) measurement and later ground and digested
for elemental composition and SEM-EDX. A part of the cake of the
DS was dried in a glove box under anaerobic and light-free condi-
tions to prevent vivianite oxidation for XRD (X-Ray Diffraction) and
Mossbauer spectroscopy analysis. The drying of the sludge was
done at room temperature to avoid the decomposition of vivianite.

2.3. Analyses

2.3.1. Light microscopy & SEM-EDX

Around 0.1g of dried solid samples were ground for light mi-
croscopy and SEM-EDX analysis. The grinding was done to break
the organic matter shell covering the vivianite crystals that pre-
vented proper microscope observation. The light microscope used
was a Leica MZ95 equipped with a Leica DFC320 camera.

The SEM-EDX apparatus was a JEOL JSM-6480 LV Scanning
Electron Microscope (SEM) equipped with an Oxford Instruments
x-act SDD Energy Dispersive X-ray (EDX) spectrometer. The work-
ing distance was 10 mm for an accelerating voltage of 15.00 kV.
Around 0.1g of dried samples were covered with a 10 nm-layer of
gold using a JEOL JFC-1200 fine coater to make the surface elec-
trically conductive. The software used was JEOL SEM Control User
Interface for the SEM and Oxford Instruments Aztec for the EDX
data processing.

2.3.2. XRD

After being dried in the dark in an anaerobic chamber, the
samples were introduced in a 0.7 mm glass capillary under
anaerobic conditions and minimum light exposure. The samples
were kept and transported in a sealed sample holder covered with
aluminum foil. Just before measurement, the capillaries were
sealed with a burner. The device used was a PANalytical X'Pert PRO
diffractometer with Cu-Ka radiation (5-80° 26, step size 0.008°).
The peaks assignment was realized with the software Origin Pro 9.

2.3.3. Mossbauer spectroscopy

The samples were dried as explained in section 2.3.2 to prevent
vivianite oxidation. Then, they were introduced in plastic rings
sealed with Kapton foil and Epoxy glue to prevent oxygen exposure
and wrapped in aluminum foil for light protection. The sample
weight was adjusted to contain a maximum of 17.5 mg of Fe/cm?. If
the sample contained too much Fe, it was diluted with inert carbon
powder. Transmission °’Fe Mossbauer absorption spectra were
collected at 300 K with a conventional constant-acceleration
spectrometer using a>’Co (Rh) source. Velocity calibration was
carried out using an o-Fe foil. The Mdssbauer spectra were fitted
using the Mosswinn 4.0 program (Klencsar, 1997).

2.3.4. Ferrozine method

First, 2 mL of sample was filtered and fixed with HCl 0.1 mL of
0.5M HCl directly at the WWTP to avoid Fe oxidation/reduction,
and analyzed under anaerobic conditions 4h after sampling. The Fe
speciation was determined using the ferrozine method, as
explained in Viollier et al., (2000). In brief, 1 mL of HCI-fixed sample
was added into a cuvette to 0.1 mL of a ferrozine solution, which
forms a pink complex with Fe?*. The absorbance was measured at
562 nm after 15 min of reaction with a Shimadzu UV-1800 Spec-
trophotometer. Then, 0.15 mL of 1.4 M hydroxylamine was added to
0.8 mL of the complexed solution to reduce all the Fe3*. The
reduction took place for 12h to ensure that all the organically
bound Fe was reduced (Rasmussen and Nielsen, 1996). Finally,
0.05 mL of 10M acetate buffer was added to the sample, and the
final absorbance was measured. The Fe?* and Fe** were calculated
using these 2 absorbances.
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Fig. 1. Daily and average Fe dosing before (Phase I: 494 kg Fe/day), during (Phase II: 860 kg Fe/day), and after the study (Phase IIl: 520 kg Fe/day).

2.3.5. Microwave digestion & ICP-OES

Solid samples were destroyed in an Ethos Easy digester from
Milestone equipped with an SK-15 High-Pressure Rotor. Around
50 mg of dried solid was introduced in a Teflon vessel in which
10 mL of ultrapure HNOs3 (64.5—70.5% from VWR Chemicals) was
poured. The digester reached 200 °C in 15 min, was run at this
temperature for 15 min, and was cooled down for 1h.

The elemental composition of the microwave digested samples
and of the filtered samples were measured via Inductively Coupled
Plasma (PerkinElmer, type Optima 5300 DV) equipped with an
Optical Emission Spectroscopy (ICP-OES). An Autosampler, Perki-
nElmer, type ESI-SC-4 DX fast was used, and the data were pro-
cessed with the software PerkinElmer WinLab32. The rinse and
internal standard solution were respectively 2% of HNO3 and 10 mg/
L of Yttrium.

2.3.6. Global parameters of the WWTP
The following parameters of the WWTP were measured by the
operators of Nieuwveer on-site:

- P effluent concentration (measured by Aquon according to the
NEN norms)

- HyS content in the biogas (measured by INCA 4000 T101 from
Union Instruments GmbH)

- COD removal (measured by Aquon according to the NEN norms)

- Biogas production (measured by ST51-FR32CO00A flow meter
from Fluid Components International LLC)

- Nitrogen removal (measured by Aquon according to the NEN
norms)

3. Results & discussion

Recovery of phosphorus via magnetic extraction of vivianite is a
recent technique and is still in development. In Prot et al., 2019, we
reached the first milestone by maximizing the quantity of P present
as vivianite. The results of Wilfert et al., (2018) had suggested that
an increase in Fe dosing could promote vivianite formation. How-
ever, they had conducted their study by examining sludge from 6
WWTPs with a fixed Fe/P ratio. To investigate the actual effect of
the Fe dosing on the vivianite content in the DS (vivianite content,
efficiency of the dosing, delay required to form vivianite), therefore,

a controlled Fe dosing increase at a single WWTP is required.

The water authority Brabantse Delta made this research possible
by increasing the iron dosing at the WWTP Nieuwveer (The
Netherlands) from 0.83 to 1.53 kg Fe/kg P in the influent for a period
of 4 months. The effect of this increase on phosphate behaviour and
the integral operation of the treatment plant (e.g. P level in effluent,
biogas production, COD removal ...) was studied, and the results are
discussed in this section. Since the strategy of recovering P as viv-
ianite is novel, the analytical methods are still under development
and subject to possible improvements. For this reason, the first part
of the discussion is dedicated to the quantification of vivianite in
digested sludge.

3.1. Quantification of vivianite in digested sludge: a short review
and best practice

The major problem while studying vivianite in digested sludge is
its quantification. Wilfert et al., (2018) used standard addition of
synthetic vivianite together with XRD. A drawback of this method is
its use of pure vivianite, even though the vivianite in sludge could
be impure (Wilfert et al., 2016; Seitz et al., 1973). Moreover, XRD is
unable to detect small or amorphous vivianite, which creates
greater uncertainty. Despite these facts, XRD results were in line
with Mossbauer results in their study, even though vivianite con-
tent was always estimated on the higher end with XRD.

Maossbauer spectroscopy can detect Fe minerals independently
of their size or crystallinity and is considered to be the best tech-
nique for vivianite quantification so far. Yet, some discrepancies are
present in the literature regarding sample handling and measuring,
and data fitting. These problems will be discussed below, and an
improved practice for vivianite determination with Mossbauer will
be proposed. To understand the data fitting for Mossbauer spec-
troscopy, it is important to know that a crystalline unit of vivianite
bears 3 possible positions for Fe: 1 octahedral site called site A and
2 equivalent octahedral sites called site B (Mori and Ito, 1950). The
most characteristic feature of vivianite is that it has 2 doublets for
Fe?* present in site A (1 Fe?* ion) and site B (2 Fe?* ions). The
Mossbauer parameters for these sites are well described and
accepted in the literature: Site A (Isomer Shift (IS) = 1.2 + 0.1 mm/s,
Quadrupole Splitting (QS) 24 + 01 mm/s) and Site B

(IS = 1.25 £ 0.1 mm/s, QS = 3.0 + 0.1 mm/s) (McCammon et al.,
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1980; Rouzies and Millet, 1993; Nembrini et al., 1983). Thus, the
amount of Fe?* present in vivianite in a sample can be reliably
quantified.

However, vivianite can easily be oxidized by oxygen and/or light
(Cermakova et al.,, 2013; McCammon et al., 1980) leading to the
transformation of a part of the Fe>* from both sites into Fe>*. The
signal of Fe3* in vivianite is difficult to distinguish from that of Fe3*
species that can generally be present in sludge samples. Therefore,
the samples are generally protected from oxidation as much as
possible (Wilfert et al 2018; Wang et al., 2019, this study) to pre-
vent/minimize the oxidation of Fe during sampling and handling.
The samples can be studied by Mdssbauer spectroscopy at tem-
perature from 4.2K to 300K, although Wilfert et al. (2016, 2018)
reported that measurements at 4.2K were not suitable for viv-
ianite determination due to the complexity of the signal. Vivianite
can be quantified at 100K (Wilfert et al., 2018; Wang et al., 2019),
but these analyses do not seem to add any information compared to
the quicker and easier analyses at 300K. Several researchers
working with DS proposed measurements at 300K with a fitting
with 3 doublets: Fe>* in site A, Fe** in site B and Fe3*/Fe!l ac-
counting for all the Fe3* species (including Fe>* in vivianite) and
low-spin Fe?* compounds like pyrite (Prot et al., 2019; Frossard
et al, 1997; Wilfert et al., 2018). Vivianite is likely to be partly
oxidized in DS so its content was probably underestimated in these
cases as the Fe3* in the oxidized vivianite will not be taken into
account.

To overcome the neglect of Fe>* in the vivianite analysis, Rouzies
and Millet (1993) proposed to fit the Fe3* in vivianite with 3
additional doublets. Because our samples could not be fitted this
way, we synthesized vivianite and let it oxidize for 15 days. The
resulting spectra could be fitted with the 2 Fe?* doublets of viv-
ianite and one doublet (IS = 0.46 mm/s and QS = 0.63 mm/s) ac-
counting for the oxidized Fe in vivianite (Table B1). These
parameters are in line with those reported by McCammon et al.,
(1980), Nembrini et al., (1983) and Rouzies and Millet (1993)
(averaging the 3 doublets proposed for Fe>* in vivianite). The
spectra of DS samples collected during the present study could
successfully be fitted with 4 doublets: Fe?* site A, Fe?* site B, the
proposed (IS = 0.46 mm/s and QS = 0.63 mm/s) doublet for Fe>* in
vivianite and a doublet accounting for the remaining Fe3* and low-
spin Fe?*. With this fitting, the quasi-inevitable oxidation of viv-
ianite doesn’t lead to a constant underestimation of its content.

To summarize, the authors propose a strategy where samples do
not necessarily need to be protected from oxidation and are
measured at 300K. The spectra should be fitted with 4 doublets:
FeZ* site A (IS = 1.2 + 0.1 mm/s, QS = 2.4 + 0.1 mm/s), Fe?* site B
(IS = 1.25 + 0.1 mm/s, QS = 3.0 + 0.1 mm/s), Fe>* in vivianite
(IS = 0.46 mm/s and QS = 0.63 mm/s) and the remaining signal
corresponding to other Fe3* species low-spin Fe>* like pyrite. These
recommendations allow easier sample handling and higher accu-
racy of the vivianite quantification.

3.2. Effect of the higher Fe dosing on vivianite formation

3.2.1. Fe dosing increase promotes quick and efficient vivianite
formation in DS

The primary objective of this study was to evaluate whether
increased Fe dosing would effectively increase the proportion of
vivianite present in DS, as suggested by Wilfert et al., (2018). Fig. 2
shows that the Fe content in DS increased over time from 40 mg/g
until it reaches a steady-state at around 65—70 mg/g. Despite the
doubling of the Fe dosed (494 kg/day in phase I to 860 kg/day in
phase II), the Fe content in DS did not double. This may be the result
of the mixing of on-site produced sludge with 30% of external
sludge before digestion, which “dilutes” the Fe-rich produced

sludge. It is important to verify that this Fe increase in the DS is
accompanied by an increase of the vivianite content.

First of all, XRD confirmed the presence of vivianite in all the
samples (Appendix A). Also, modelling using Visual Minteq showed
that the Fe and P concentrations in the slude liquor are above the
saturation index for vivianite (Appendix E). SEM-EDX analysis also
showed particles with a sheets agglomerate structure, character-
istic of vivianite, and an Fe/P ratio close to 1.5 (Fig. 3) (Zelibor et al.,
1988; Rothe, 2016). The quantification of vivianite in the samples
was performed according to the improved Mossbauer strategy
described above. The results indicate that the vivianite content in
DS increased from 50 to 150 mg/g of TS, following the increase of Fe
in DS (Fig. 2). The fraction of P present as vivianite followed the
same trend with an increase from 20% to 50% (Fig. 2). This confirms
the main research hypothesis of this study: an increase in Fe dosing
increases the proportion of P present as vivianite in DS.

Interestingly, the increase in vivianite immediately followed the
increase in Fe content in sludge, indicating that the P present in
digested sludge is quickly converted to vivianite. Nriagu et al,,
(1974) stated that vivianite is the most stable P mineral in a
reducing environment (like DS). This result suggests that vivianite
could also be kinetically favored.

To confirm that this vivianite formation technique is efficient, it
is important to verify how much of the extra Fe dosed is actually
used to form vivianite. Firstly, mass balances show that >99% of the
Fe in the digested sludge can be found in the solid fraction
(Appendix F). Secondly, data in Appendix G suggests that the
content of Fe in vivianite increases linearly (R? = 0.86) with the Fe
content in DS. The slope of this line is 1.24 + 0.16, confirming that all
the “extra” Fe present in DS was present as vivianite. Moreover, a
slope bigger than 1 suggests that some of the Fe that was present in
sludge in non-vivianite species was converted to vivianite as well.
Such non-vivianite species could be Fe oxides, FeSy or organically-
bound Fe for example.

3.2.2. FeS compounds are forming prior to vivianite in digested
sludge

The data obtained in this study follow the same trend observed
in Wilfert et al., (2018) (Appendix H). The distribution of their data
is broader since they used data from several studies, several plants,
and different analytical methods and fitting. Their study showed
that the fraction of P present as vivianite increased linearly with the
Fe/P ratio and seemed to reach a plateau at Fe/P > 1.5, which is the
ratio in pure vivianite, due to limited phosphorus availability. For
lower Fe/P ratios, the absence of vivianite is likely related to the
lower solubility product for ironsulfide. The data of Wilfert et al,,
(2018) would seem to suggest that a Fe/P ratio of around 0.2—0.4
would be needed before vivianite precipitation occured (x value for
y = 0in Appendix H). Our set of data suggests, however, that a value
of 0.5—0.6 is required. We hypothesize that these discrepancies are
mainly due to the strong influence of the S content in sludge, which
needs to be consumed before any Fe is available for vivianite pre-
cipitation. This suggests that a comparison of data from different
WWTPs would only be possible if the quantity of S were taken into
account. Accordingly, a S-corrected Fe/P ratio was calculated in our
study, assuming that all the S was formed as FeS before vivianite.
Even though FeS; is the most stable inorganic Fe precipitate under
anaerobic conditions (Pourbaix, 1963), pyritization is a slow process
under the digester conditions (Nielsen et al., 2005). Therefore, the
meta-stable amorphous FeS could be a precursor to the formation
of pyrite (Morse et al., 1998; Dewil et al., 2009). This could explain
why no trace of crystalline FeSx has been found in our samples by
XRD.

The percentage of phosphorus in vivianite was plotted as a
function of the S-corrected Fe/P, with data from both studies
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Fig. 2. Fe and vivianite content in the solid phase of the digested sludge of Nieuwveer (primary axis). Fraction of phosphorus in the solid phase of the digested sludge present as
vivianite (secondary axis). (calculated from the Mossbauer results in Appendix B and the ICP-OES results in Appendix D). I, Il and III correspond to the different Fe dosing phases as

decribed in Fig. 1.

Fig. 3. Example of a vivianite particle found in the digested sludge (sample DS2) of
Nieuwveer and observed by SEM.

presenting less variation (R> = 0.86 for S-corrected Fe/P in Fig. 4 and
R? = 0.76 for uncorrected Fe/P in Fig. H1). This suggests that the
discrepancies observed were indeed related to the different sul-
phide content. The data for the S-corrected Fe/P ratio between
0 and 1 follow a linear trend (y = 1.01x-0.21/R? = 0.86). This sug-
gests that 100% of phosphorus will be present as vivianite for a S-
corrected Fe/P ratio of 1.2, although this is contradicted by the data
with Fe/P > 1 presented in Fig. 4. The proposed linear relation
seems to be only valid for low S-corrected Fe/P ratio (from O to 1 the
authors suggest). This is due to the fact that a fraction of the
phosphorus could be organically bound or precipitated with cal-
cium or as struvite. The intercept with the X-axis indicates that a S-
corrected Fe/P ratio of 0.2 is needed before the formation of viv-
ianite. This suggests not only that S competes for Fe, but that Fe is
also depleted by another form before being available for vivianite
precipitation. This part of the Fe could be present as amorphous Fe
oxides/hydroxide (no crystalline FeO detected with XRD) and/or
bound to humic substances (Abros’kina et al., 2016; Lovley et al.,

1999). Thermodynamic modelling suggests that vivianite, FeS and
iron oxides can form in the conditions of the Nieuwveer WWTP
(Appendix E). Strengite is often mentioned as one of the possible
FeP minerals in wastewater and could form according to our
modelling results. However, no trace of it has been found by XRD or
Mossbauer spectroscopy. Visual Minteq does not take into account
some parameters (such as kinetics and activation energy) in its
model, which can explain the discrepancies between the prediction
and reality. For example, it is common that a mineral kinetically
favored forms over a mineral thermodynamically favored (Brown
et al., 1985). This could explain why strengite has never been
found in previous studies within our group (Wilfert et al., 2015,
2018; Wang et al., 2019).

These observations lead to an important conclusion for WWTPs
aiming to recover P via vivianite: the Fe dosage needs to be adapted
according to the sulphur content present in the sludge. More spe-
cifically, Fe should be dosed in a molar ratio 1:1 compared to the S
in DS before any vivianite can be found in DS. This extra Fe dosing
required is not a waste as it will also help control H,S emission (see
3.3). In most of cases, S would have already been bound by Fe,
therefore, no extra Fe is needed to compensate for S if one wants to
increase the vivianite content.

3.2.3. There is evidence that different types of vivianite are formed

Several results from the current study suggest that there are
different kinds of vivianite formed in the WWTP at Nieuwveer. This
finding is important since these vivianite species could have
different properties, directly impacting their magnetic recovery.
Different degrees of oxidation and impurity inclusion could lead to
different types of vivianite. Indeed, vivianite can easily be oxidized
by light and oxygen (Cermdkova et al., 2013; McCammon et al.,
1980), and Fe atoms in its structure can be replaced by other cat-
ions (Rothe et al., 2016; Seitz et al., 1973). Oxidation of vivianite and
substitution of Fe by a non-magnetic cation (Mg>*, Ca®* ...) modify
the structure of vivianite (transition from crystalline to amor-
phous), and could impact its magnetic properties. Mossbauer re-
sults suggest that not all the vivianite formed in Nieuwveer is
identical, but do not allow a clear conclusion to be drawn about
their characteristics (detailed discussion in Appendix I).

In their study, Wilfert et al., (2018) used standard addition with
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Fig. 4. Fraction of phosphorus in the solid phase of the digested sludge present as vivianite as a function of the S-corrected Fe/P molar ratio. Combined data from Wilfert et al.,
(2018) (6 different WWTPs) and the present study (calculation in Appendix H). The S-corrected Fe/P ratio was calculated assuming that Fe was first precipitating as FeS before
vivianite. The data from Frossard et al., (1997) did not include S concentration, so were not included.

XRD to quantify vivianite in DS as the XRD signal should be pro-
portional to the quantity of vivianite. However, in the current study,
the XRD signal stays failry constant (Appendix I) despite an increase
in vivianite content in sludge. This result is surprising and suggests
that the newly formed vivianite is different. As XRD can not detect
it, this other vivianite could be smaller or amorphous.
Light-microscope pictures of vivianite extracted from the DS at
Nieuwveer showed that not all the vivianite particles are identical.
A color gradient can be observed in Fig. 5, and hints that some
particles are more oxidized than others. Colorless when non-
oxidized, vivianite becomes bluer with a higher degree of oxida-
tion (Zelibor et al., 1988; Ogorodova et al., 2017). The oxidation of
vivianite is accompanied by the departure of a proton from the
vivianite structure, destabilizing its crystalline matrix. However,
due to the anaerobic conditions in the digester, it is unlikely that
vivianite oxidizes in this environment. It is possible that the dark

Fig. 5. Light-microscope picture of the vivianite extracted from the digested sludge
from Nieuwveer with minimum oxygen and light exposure. This sample was
magnetically separated at our pilot installation. Particle A: the light blue color suggest
a small degree of oxidation (these particles turned dark blue after longer oxygen
exposure). Particle B: the dark blue color suggests a high degree of oxidation.

blue crystals formed in the early stages of the WWTP and were
oxidized in the aerated zones. Wilfert et al., (2018) already observed
vivianite formation before digestion in several WWTPs. Vivianite
was also found in Nieuwveer in the B-stage and mixed sludge
(Table B1). Almost all the soluble Fe in the A-stage was Fe>*, giving
favorable conditions for vivianite formation (SI~3) (Appendix E). In
the B-stage, the concentration of Fe?* was low (~0.2 ppm), creating
a barely saturated environment for vivianite formation (SI around
0). This suggests that the vivianite identified in the B sludge either
forms in the A-stage, and is transported to the B-stage afterward, or
forms slowly in the B-stage. This early formed vivianite will have
been in oxidative conditions for enough time to be oxidized (SRT for
B-stage: 16 days in Nieuwveer).

To summarize, there is clear evidence that different types of
vivianite formed in Nieuwveer, but we could not identify their
characteristics with certainty. From the results, we hypothesize that
some vivianite forms early in the WWTP and has different char-
acteristics (oxidation level, crystallinity) than the vivianite forming
under anaerobic conditions in the digester. It is crucial to further
study these vivianite species and their properties since it may in-
fluence their magnetic recovery.

3.3. Impact of increased Fe dosing on the functioning of the WWTP

While increasing Fe dosing favors vivianite formation, which is
significant in terms of phosphorus recovery, this should no happen
to the detriment of the global functioning of the WWTP. In this
regard, the following integral parameters of the Nieuwveer WWTP
were monitored: P in the effluent, H,S in the biogas, nitrogen
removal, biogas production, COD removal and dewaterability of the
sludge. Since WWTPs are influenced by seasonal effects, the com-
parison was made to years with normal Fe dosing, but for the same
time period (period II: 01/01 to 30/04 as in Fig. 1).

First of all, total phosphorus concentrations in the effluent
decreased after increasing the iron dosing. Fig. 6 shows that it was
reduced to an average of 0.42 mg/L during the period of high Fe
dosing, compared to an average of 1.28 mg P/L for the 4 previous
years in the same period. Fe is dosed in the first place to remove
phosphorus, so this observation is not surprising. Due to this
decrease, the WWTP at Nieuwveer would be able to discharge its



T. Prot et al. /| Water Research 182 (2020) 115911 7

Concentration in effluent (ppm)

o o A Q o
0&\ ﬁ}\\ ) LQ\ 1‘9\ nQ\

v

> \J
N N
S 0

Fig. 6. Data for the Nieuwveer WWTP comparing the time with standard Fe dosing (2015—2018) to the time with doubled Fe dosing (2019) in the period January—April. Left:
Phosphorus in the effluent. Right: H,S in the biogas (the detector’s position was changed in 2017 so comparison is only possible for 2018 and 2019).

effluent in a more sensitive body of water closer to the plant, and to
improve water availability for agriculture in the region. High Fe
dosing and subsequent recovery of phosphorus through vivianite is,
therefore, a promising technology for areas where strict effluent
limits are applied, such as in countries bordering the Baltic Sea
where stringent requirements for effluent P concentration can only
be achieved by metal salt dosing (Suresh Kumar et al., 2019).

The quantity of H,S in the biogas was reduced in Nieuwveer to
an average of 8 ppm under higher Fe dosing compared to 26 ppm
under normal Fe dosing (Fig. 6). This is in accordance with the
observation that Fe can be used to reduce the H,S in the biogas by
binding it as FeSy (Gutierrez et al, 2010; Mamais et al., 1994).
Despite a clear decrease of H,S in the biogas, an increase of S in the
solid fraction of the DS is not noticeable. A mass balance of the S in
the digester showed that this H,S reduction in the biogas corre-
sponds to only 246 g of S per day. It represents 0.08% of the daily S
load in the DS, explaining why an increase in the solid S was not
noticeable in our measurements (Appendix D). As discussed above,
FeSy forms preferentially over vivianite, so we expected the soluble
S pool to be already depleted before the increased Fe dosing. The
observed H,S decrease goes against this thought, but can be
explained by thermodynamic: as more Fe is dosed, there is more
soluble Fe in the DS. Thus, soluble S is decreasing to keep the solid-
liquid equilibrium for FeSy(s) (confirmed by ICP-OES in Appendix D).
The chemical potential theory says that the liquid and the gas phase
need to be in equilibrium, which can only be matched if S in the gas
phase (H,S) decreases as well.

The data showed no significant change in the nitrogen removal
performance of the WWTP after the increased iron dosing (Table 1).

Table 1

In addition, no change in NH3 removal was observed. This does not
necessarily mean that the increased Fe dosing has not affected the
nitrogen cycle. Some possible impact of Fe dosing are:

- Higher Fe dosing could improve flocculation in the A-stage,
allowing less COD to go to the B-stage, impairing the Nitrogen
removal if not enough COD is present to perform denitrification.
Excessive Fe dosing could also have the opposite effect by
destabilizing the flocs, allowing more COD to go to the B-stage
and, thus, improving denitrification. According to Bratby et al.,
(2016), a concentration of Fe?* in the range 0.8—80 ppm al-
lows good flocculation. Our measurements indicate values in
this range (10—20 ppm) in the A-stage, indicating that desta-
bilization of the flocs is unlikely.
- Another point to consider is that 10—25% of the nitrogen is
organically bound, and will be flocculated in the A-stage as well
(Henze et al., 2008), reducing the required COD in the B-stage.

In short, the nitrogen cycle could be affected in several contra-
dictory ways by Fe dosing, not leading to any significant difference.
More detailed measurements would be necessary to obtain a
clearer answer, but this was not the main objective of the current
study.

During increased Fe dosing, COD removal was slightly improved
from 91.7% to 93.0% (Table 1). The Fe?* dosed is oxidized in the A-
stage to remove COD as is commonly the case. However, 20—50% of
the Fe that arrives at the B-stage is still Fe>* and this suggests that
the oxidation of the Fe(Il) in the A-stage is not optimal (Appendix
D). Fe* is a less strong coagulant than Fe3* due to its lower

Integral parameter of the WWTP Nieuwveer with standard Fe dosing and increased Fe dosing. The values presented are the average of the period January to April for year
2015—2018 (standard Fe dosing) and 2019 (increased Fe dosing). Detailed comparison are presented in Appendix ] for COD removal, N removal, Biogas production and

dewaterability.
Integral parameter Unit With standard Fe dosing With increased Fe dosing
P in effluent Ppm 1.28 0.42
H,S in biogas Ppm 26 8
COD removal % 91.7 93
N removal % 71.2 74
Biogas production m3/kg dry solid 442 418
Dewaterability kg PE/g of TS 21.6 218
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charge. Improved COD removal could still be possible if Fe3* were
used in the A-stage or the oxidation of the Fe>* was improved. The
water authority Brabantse Delta doses Fe?* salts in Nieuwveer
because it is cheaper and not to promote vivianite formation.

The higher Fe dosing did not have a significant impact on biogas
production (Table 1). No increase of A sludge production nor COD
removal (~50%) in the A-stage was noticed despite more Fe dosed,
explaining why the biogas production did not increase. Moreover,
the Fe content jumped from 40 mg/g of TS for the 2015—-2018
period (considered equal to the 04/12/2018 measurement) to an
average of 65 mg/g for 2019 (Fig. 2). This increase reduces the
“digestible” content per tons of dry solid by 2—3%, contributing to
less biogas production per dry weight of sludge.

Because the dewatered digested sludge is transported before
incineration, the sludge volume needs to be minimized to reduce
transportation costs. According to the results in Table 1, increased
Fe dosing had no measurable effect on the dewaterability of the
digested sludge. The percentage of dry matter after dewatering of
the digested sludge is comparable to other years, and the same
quantity of polymer was used to achieve this dry matter content.
However, no specific actions was taken to optimize the sludge
dewatering during this test. Higher Fe dosing slightly decreases the
VSS in the sludge as it will increase the inorganic content of the
sludge (more vivianite formed). The magnetic extraction of the
formed vivianite reduces the inorganic content, leading to higher
VSS fraction, thus an increased heating value of the sludge after
dewatering.

In short, higher Fe dosing did not appear to have any negative
impact on the functioning of the WWTP in terms of N removal,
dewaterability, biogas production and COD removal (the latter
showing slight improvement). On the contrary, it considerably
reduced the P level in the effluent and the H,S content in the biogas.

3.4. Future perspectives for P recovery by magnetic extraction of
vivianite

The magnetic extraction of vivianite from DS is possible (Prot
et al., 2019), and pilot plant tests for magnetic recovery were tak-
ing place in parallel to this study. This study confirmed that
increasing Fe dosing increases the share of P as vivianite and, thus,
the share of recoverable phosphorus. According to Wilfert et al.,
(2018), neither the type of Fe salt used nor the type of installation
influences the quantity of P present as vivianite after digestion,
suggesting that dosing will mainly depend on local aspects and a
uniform guideline for practical implementation of higher Fe dosing
need not be given. The quantity of Fe dosed should be adapted to
the objective of the water authority in terms of P level in the
effluent, H2S control and vivianite production. WWTPs seeking to
maximize recovery of P as vivianite could aim at a S-corrected Fe/P
ratio (see 3.2.2) in the digested sludge higher than 1.5 to convert
more than 80% of the P into vivianite.

The cost increase associated with higher Fe dosing is not
negligible but can be offset by the savings in sludge disposal and
better effluent quality, for example. In the case of Nieuwveer, the
increase in Fe dosing was on average 366 kg Fe/day, corresponding
to a cost of €304/day (based on a cost price of €0.83/kg for FeS-
04*7H30 as paid by the WWTP). This WWTP produces 15 tons of
dry solids per day with a disposal cost of around €277 per ton of
dry solids (assuming 23% dry matter) leading to a daily cost of
€4155 (SNB annual report 2018). Assuming that all the extra viv-
ianite formed would be removed from the digested sludge, the
amount of dry solid would be reduced by 10%, making a saving of
€415/day. Moreover, the oxygen required to oxidize the extra Fe?*
dosed in the A-stage represents only 0.1% of the aeration necessary
to treat the COD in Nieuwveer. As a result, no extra aeration costs

are to be expected (Appendix K).

In the case of WWTP Nieuwveer ca. 90% of the P present in the
influent ended up in the sewage sludge at the higher iron dosage.
These influent ( 5 ppm) and effluent ( 0.5 ppm) values are typical
for sewage treatment plants in Northern Europe (Pons et al., 2004).
The results of this study and of Wilfert et al., (2018) indicate that if
the iron dosage is adjusted to have a Fe/P molar ratio in digested
sludge above 1.5, more than 80% of the phosphorus present in
digested sludge can be present as vivianite. Our work on pilot scale
magnetic separation of vivianite at Nieuwveer revealed that
70—80% of the vivianite in digested sludge could be recovered
(unpublished results). Therefore, we expect that stimulation of
vivianite formation in combination with magnetic recovery from
the sludge could recover 50—60% of the P present in the influent of
the Nieuwveer sewage treatment plant. We believe that these re-
sults can be extrapolated for all WWTPs bearing an anaerobic
digester.

In the future, vivianite recovery could be integrated with
dissolution of the vivianite by alkaline treatment (proof of principle
in Prot et al., 2019) to recover the phosphorus in any desired form
and to enable the reuse of the Fe in the next cycle of phosphate
recovery at the WWTP. Vivianite recovery recovers not only the
dosed iron but also any iron that was present in the influent
wastewater. This makes vivianite recovery of particular interest for
WWTPs treating high-Fe bearing industrial wastewater in areas
with significant aerobic groundwater intrusion in the sewer
network. In countries with strict effluent criteria, the Fe dosage is
already high (Fe/P ratio >1.5 is common). Therefore, the digested
sludge from these types of plants is often suitable for direct viv-
ianite recovery without additional Fe dosing.

In addition to recovery of P and Fe via an alkaline treatment,
vivianite could be used as Fe-fertilizer for Fe-poor soils (Rombola
et al., 2007). Several high-value applications of vivianite could
also be considered depending on its purity after separation. Using
vivianite as a component in lithium-ion batteries or to create pig-
ments are two such high-value possibilities (Recham et al., 2009,
Cermdékova et al., 2013).

4. Conclusion

The share of P present as vivianite in digested sludge could be
increased from 20% to 50% by dosing more iron in the Nieuwveer
WWTP, confirming our earlier hypothesis that a high iron content
in the sludge has a direct relation to a higher vivianite content
(Wilfert et al., 2018). More importantly all the additional iron that
was dosed was used to produce vivianite quickly. This is an
important finding as it suggests a way to efficiently increase P re-
covery potential via vivianite, for instance via magnetic separation
from digested sludge. Our analyses suggest that different types of
vivianite mineral coexist in digested sludge. Further studies need to
be carried out to characterize these minerals, as they could have
implications for recovery methods for the vivianite (for instance
they may influence the magnetic properties of vivianite) and
possible uses of the recovered vivianite.

A thorough study of the WWTP global parameters revealed that
the increased Fe dosing did not affect the functioning of the WWTP.
Moreover, it effectively reduced the concentration of H,S in the
biogas from 26 to 8 ppm, and more importantly reduced the P in
the effluent of the WWTP from 1.3 ppm to 0.4 ppm. This indicates
that, especially if very low effluent phosphate is required, a com-
bination of high Fe dosing with vivianite recovery is a promising
solution to recover phosphorus from DS.
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Appendix A
Fe dosing
Influent
wastewater
Effluent
B, sampling point
External sludge Post sludge treatment
to disposal
Fig. Al. Simplified flowchart of the WWTP Nieuwveer and sampling points
Table A1
Sampling dates of the WWTP Nieuwveer and corresponding Fe dosing phase
Sample 1 2 3 4 5 6 7 8 9 10 11
Dosing phase 1 I Il 11 Il 11 11 Il 11 11 11
Date 04/12 19/12 08/01 22/01 05/02 19/02 12/03 02/04 16/04 30/04 28/05 2019
2018 2018 2019 2019 2019 2019 2019 2019 2019 2019



http://www.wetsus.nl

10 T. Prot et al. / Water Research 182 (2020) 115911

Appendix B

Table B1
Mbssbauer results for all solid samples from Nieuwveer studied. (DS = digested sludge, MS = mixed sludge, A = A-stage sludge, B=B-stage sludge). Fe>*/Fe'': Fe3* species other
than vivianite and low-spin Fe?* compounds like pyrite. Fe>* (Viv. A + B): total Fe>* vivianite. Fe?* (Viv. A): Fe?* in the site A of vivianite. Fe?* (Viv. B): Fe?* in the site B of
vivianite.

Sample Isomer Shift (mm-s~') Quadrupole Splitting (mm-s~) I (mm-s") Phase Spectral contribution (%)
Synthetic vivianite 0.46 0.63 0.52 Fe** (Viv. A + B) 46
1.17 248 0.37 Fe?* (Viv. A) 18
1.22 2.99 0.37 Fe?* (Viv. B) 36
DS1 0.31 0.82 0.55 Fe>*t/[Fe!! 59
0.46 0.63 0.52 Fe* (Viv. A + B) 13
123 235 0.32 Fe?* (Viv. A) 16
1.22 3.05 0.32 Fe?* (Viv. B) 12
DS2 0.31 0.64 0.66 Fe+/Fe! 41
0.46 0.63 0.52 Fe* (Viv. A + B) 19
1.22 243 0.33 Fe?* (Viv. A) 18
1.25 2.97 0.33 Fe?* (Viv. B) 22
DS3 0.31 0.41 0.62 Fe>+/Fe" 54
0.46 0.63 0.52 Fe3* (Viv. A + B) 12
1.21 2.43 0.30 Fe?" (Viv. A) 18
1.26 2.92 0.30 Fe?* (Viv. B) 16
DS4 0.31 0.83 0.57 Fe3*/Fe!! 31
0.46 0.63 0.52 Fe>* (Viv. A + B) 23
1.22 242 033 Fe?* (Viv. A) 20
1.24 297 0.33 Fe?* (Viv. B) 26
DS5 0.31 0.56 0.72 Fe3*/Fe!! 34
0.46 0.63 0.52 Fe>* (Viv. A + B) 24
1.20 245 0.32 Fe?* (Viv. A) 17
1.25 2.97 0.32 Fe?* (Viv. B) 25
DS6 0.31 0.89 0.53 Fe3*[Fe!l 25
0.46 0.63 0.52 Fe* (Viv. A + B) 26
1.21 242 0.34 Fe?* (Viv. A) 21
1.24 2.96 0.34 Fe?* (Viv. B) 28
DS7 0.31 0.86 0.56 Fe3*[Fe!! 28
0.46 0.63 0.52 Fe3* (Viv. A + B) 24
1.22 241 0.34 Fe?* (Viv. A) 19
124 2.95 0.34 Fe?* (Viv. B) 29
DS8 0.31 0.89 0.59 Fe>+/Fe! 32
0.46 0.63 0.52 Fe3* (Viv. A + B) 23
1.23 243 0.33 Fe?" (Viv. A) 19
1.25 2.97 0.33 Fe?* (Viv. B) 26
DS9 0.31 0.85 0.57 Fe3*/Fel! 24
0.46 0.63 0.52 Fe3* (Viv. A + B) 23
1.20 242 0.33 Fe?* (Viv. A) 22
123 2.92 0.33 Fe?* (Viv. B) 31
DS10 0.31 0.80 0.55 Fe3*/Fe!! 26
0.46 0.63 0.52 Fe>* (Viv. A + B) 21
1.20 241 0.35 Fe?* (Viv. A) 22
123 2.93 0.35 Fe?* (Viv. B) 31
DS11 0.31 0.86 0.59 Fe>*/Fe!! 59
0.46 0.63 0.52 Fe* (Viv. A + B) 13
123 2.34 0.34 Fe?* (Viv. A) 15
1.26 2.93 0.34 Fe?" (Viv. B) 14
MS2 0.31 0.61 0.67 Fe>*t/Fe!! 51
0.46 0.63 0.52 Fe* (Viv. A + B) 16
1.24 2.40 0.31 Fe?t (Viv. A) 14
1.26 2.92 0.31 Fe?" (Viv. B) 19
MS6 0.31 0.41 0.59 Fe+/Fe! 76
0.46 0.63 0.52 Fe3* (Viv. A + B) 8
1.24 233 0.34 Fe?* (Viv. A) 7
1.26 2.89 0.34 Fe?* (Viv. B) 9
All 0.34 0.60 0.64 Fe>+/Fe" 84
1.35 2.57 0.40 Fe?t 16
B11 0.31 0.65 0.68 Fe>*/Fe" 72
1.20 221 0.40 Fe?* (Viv. A) 9
1.25 2.82 0.40 Fe?* (Viv. B) 19

- Blue: Fe?* in vivianite site II
In the following Mossbauer spectra the colored curves represent - Pink: Fe3* in vivianite I + 1I
the following: - Green: Fe3*/Fe! for Fe>* compound excluding vivianite and low-
spin Fe?* like pyrite
- Black: total spectrum
- Red: Fe?* in vivianite site I
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Fig. B1. Mossbauer spectra for all the DS samples, synthetic vivianite (V1), A11, B11, MS2 and MS6
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Appendix C

Appendix D

Table D1

Solid composition of the sludge A, B and digested measured by ICP-OES
Sludge sample Fe (mg/g TS) P (mg/g TS) S (mg/g TS) Ca (mg/g TS) Mg (mg/g TS)
4-12-2018 DS1 40,50 + 1.16 30,96 + 0.66 12,49 + 0.38 28,56 + 0.47 3,49 + 0.09
19-12-2018 DS2 46,38 + 043 31,95 + 0.67 11,60 = 0.30 26,72 + 0.69 3,54 + 0.05
8-1-2019 DS3 5328 + 1.73 34,18 +0.14 10,48 = 0.37 25,58 + 1.06 3,85 + 0.09
22-1-2019 DS4 61,54 + 1.80 36,88 + 0.65 11,06 = 0.04 28,18 + 0.13 3,57 +0.07
5-2-2019 DS5 58,87 + 0.71 32,47 + 033 10,65 = 0.05 2540 +0.11 2,95 + 0.03
19-2-2019 DS6 63,94 + 2.18 3447 +0.74 10,63 = 0.11 26,70 + 0.37 3,10 + 0.08
12-3-2019 DS7 63,23 + 124 36,65 + 0.49 10,66 = 0.07 24,67 + 0.20 2,96 + 0.05
2-4-2019 DS8 68,51 + 0.64 35,59 + 0.16 10,19 + 0.29 2371 +0.74 3,07 + 0.02
16-4-2019 DS9 71,13 + 1.69 36,48 + 0.67 10,49 + 0.03 26,78 + 035 3,17 + 0.03
30-4-2019 DS10 67,44 + 0.85 36,14 + 047 11,37 = 0.08 28,37 + 0.12 3,24 +0.02
28-5-2019 DS11 5595 + 1.02 35,17 + 0.70 13,90 = 0.52 30,93 + 052 3,55 + 0.06
4-12-2018 Al 22,04 + 0.05 15,92 + 0.01 7,38 + 0.20 19,44 + 0.14 2,26 + 0.02
19-12-2018 A2 37,71 + 0.88 22,05 + 0.55 7,58 + 0.23 18,79 + 0.44 1,81 + 0.04
8-1-2019 A3 34,30 + 0.30 17,82 + 0.14 6,26 + 0.13 15,75 + 0.15 1,31 + 0,01
22-1-2019 A4 60,68 + 0.34 27,16 + 0.24 7,05 + 0.05 19,66 + 0.23 1,74 + 0.02
5-2-2019 A5 48,84 + 157 21,61 + 041 6,45 + 0.18 15,06 + 0.48 1,42 + 0.02
19-2-2019 A6 51,37 + 1.27 24,53 + 038 7,12 + 0.08 16,58 + 0.33 1,70 = 0.01
12-3-2019 A7 41,07 + 148 18,69 + 0.62 6,44 + 0.03 11,48 + 0.21 1,40 + 0.01
2-4-2019 A8 33,72 + 027 19,06 = 0.10 9,01 + 0.03 17,60 = 0.15 1,70 + 0.01
16-4-2019 A9 45,96 + 0.81 22,55 +0.14 7,28 + 0.07 18,96 + 0.29 1,62 + 0.01
30-4-2019 A10 30,27 + 0.26 16,93 + 0.09 10,67 = 0.10 17,03 + 0.14 1,68 + 0.02
28-5-2019 All 24,78 + 028 15,29 + 0.19 11,38 + 0.08 19,84 + 0.22 1,67 + 0.01
4-12-2018 B1 28,06 + 0.64 26,44 + 0.59 8,79 + 021 19,52 + 0.29 3,47 + 0.06
19-12-2018 B2 28,81 + 0.41 2431+ 033 7,56 + 0.09 15,83 + 0.23 2,60 + 0.04
8-1-2019 B3 31,88 + 0.43 24,45 + 034 7,50 + 0.10 16,82 + 0.13 2,34 + 0.03
22-1-2019 B4 35,60 + 0.19 24,53 +0.19 7,89 + 0.08 16,20 + 0.15 2/42 + 001
5-2-2019 B5 32,82 +0.73 21,79 + 0.40 7,51 + 0.06 13,39 + 0.27 2,03 + 0.04
19-2-2019 B6 38,41 + 148 22,75 + 0.79 7,67 +0.23 14,56 = 0.55 2,19 + 0.08
12-3-2019 B7 37,39 +0.15 22,07 + 0.08 7,11 + 0.05 13,49 + 0.07 2,02 + 001
2-4-2019 BS 43,86 + 0.83 24,47 + 055 6,76 + 0.13 17,26 + 0.29 2,49 + 0.05
16-4-2019 B9 34,17 + 0.99 23,56 + 0.62 8,00 + 0.15 16,15 = 0.42 2,49 + 0.07
30-4-2019 B10 41,91 + 022 27,58 + 0.16 7,79 + 0.06 17,99 + 0.11 246 + 0.01
28-5-2019 B11 39,88 + 027 30,20 + 021 7,90 + 0.06 22,66 + 0.09 2,58 + 0.02

Table D2

pH of the A, B, MS and digested sludge sample of Nieuwveer Table D3
Date A B DS MS Solid content (%) of the sludge sample of Nieuwveer
4-12-2018 5,91 + 0.01 6,48 + 0.01 7,48 + 0.01 ND Date A B DS MS
19-12-2018  652+003 687002  748+004 503 =001 2122018 1082002 0812001 4692001 12892006
8-1-2019 645+£009  693+£002  769+£003  519+001 19-12-2018  0,74+001  055+001  395=008 9,15+ 0.01
22-1-2019 685+006 695008  814x001 369001 8-1-2019 1004001  063+002  401+001 750005
5-2-2019 686007  711+004  819+001 4622001 2212019 068+002  064+001  400+001  289+0.04
19-2-2019 659+004  684+001  776+006 3,94+ 001 592019 090001 070001 369008 1324002
12-3-2019 820001 822001  845:001 456001 1922019 059+002  053+003  442+004 077 +0.02
2-4-2019 651001  637£002  832+007  505+001 12-3-2019  1,14+002  075+001  368+001  3,36+001
16-4-2019 709+ 008  753+001  830+001 393 +001 942019 113£001 0594001 407003 260006
30-4-2019 617+011 678004  802:001 4384001 1642019  059+001  040+001  431+003 098 +001
28-5-2019 631+001 726004 816+002 465+ 001 30-4-2019  066+005 060003  425+009 093001

28-5-2019 086+006 037+001  404+011 1,53 +0.01
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Table D4
Iron speciation in sludge A, B and digested in Nieuwveer obtained by the ferrozine
method

Appendix E

Thermodynamic evaluations were carried out with Visual
Minteq to study the stable minerals that could form in the digested

Sample Fe>* (ppm Fe** (ppm Total Fe (ppm . .. .
p (ppm) (ppm) (ppm) sludge under the pH and concentrations conditions in the
2; ?fgsi 0-(??9 1'875§ 0-(1)064 1?23 + g-gg Nieuwveer WWTP. The saturation index, as defined in Mersmann,
.08 + 0. -0,56 + 0. 152 + 0. iodi ; initati
A3 1017 £ 032 284+ 0.73 1301 £ 041 200],7 m@lcates hqw 'the'rmodynamllcal.ly favored a precipitation
A4 12,02 + 0.32 1,16 + 0.18 13,18 + 0.50 reaction is. For vivianite, its expression 1s:
A5 14,57 + 0.13 2,13 + 0.06 16,69 + 0.07
A6 14,07 + 0.37 3,14 + 0.70 17,21 + 0.52 IAP
A7 49,31 + 2.47 8,49 + 0.42 57,79 + 2.89 SI=log(-—)
A8 16,50 + 0.06 3,02 + 0.37 17,66 + 0.43 Ks
A9 5,83 + 0.03 2,97 +0.32 7,90 + 035 )
A10 12,14 + 0.60 1,97 + 0.33 14,11 + 0.27 with
All 14,11 + 0.13 4,73 £ 0.02 18,84 + 0.16
B1 3,03 + 1.12 0,35 + 0.02 3,38 + 1.14 3 )
B2 0,11+ 0.06 0,10 + 0.03 021+ 0.03 IAP = (2 *Crez+ )™ (Ypoz-*Cpoz-)
B3 0,20 + 0.01 0,09 + 0.05 0,29 + 0.05
B4 0,12 + 0.01 0,89 + 0.07 1,01 + 0.08 .
B5 0,70 + 0.16 0,30 + 0.04 1,00 + 0.20 Where:
B6 0,14 + 0.02 0,62 + 0.04 0,76 + 0.05 ] o
B7 1,45 + 0.01 0,95 + 0.08 2,40 + 0.07 - Sl is the saturation index
B8 0,11 + 0.01 0,60 + 0.01 0,49 + 0.01 - Ks is the solubility product of vivianite at 25 °C worth 10—3>76
B9 0,11 + 0.01 037 + 0.01 038 + 0.01 (Al-Borno and Tomson, 1994)
B10 0,14 + 0.01 0,24 + 0.09 0,38 + 0.09 is the activit fficient of the ion i lution i I
B11 0.10 = 0.01 0,46 + 0.06 0,56 = 0.06 - v is the activity coefficient of the ion in solution in mo
DS1 0,47 + 0.05 541 + 0.35 5288 + 0.30 - C the concentration of the ion in solution in mol/L
DS2 0,62 + 0.01 10,70 + 0.31 11,32 + 0.32
Ds3 0,07 + 0.02 1057 +1.26 10,63 +1.28 With this definition, a solid can theoretically form if its SI is > 0.
Ds4 085+ 0.12 21,57 £2.10 22,43 £2.23 The higher the SI, the higher the chances of formation. Vivianite
DS5 091 + 0.28 22,25 + 8.61 23,16 + 8.89 . . Lo
DS6 1.89 + 0.01 4195 + 013 43.84 + 012 always presents a SI > 0, which confirms that its formation is
DS7 46,63 + 0.36 15,53 + 2.07 62,16 + 1.72 thermodynamically possible. Its SI values are mainly comprised
Ds8 40,22 + 0.01 11,57 £ 1.32 50,51 + 1.33 between 2 and 5, suggesting that it is the equilibrium zone for
Ds9 1,24 + 0.02 24,38 £ 0.15 28,07 +£0.17 vivianite in digested sludge. Some discrepancies concerning the
D10 114+ 0.02 2983 + 0.09 3098 £ 0.07 alue of the pKs of vivianite can be found in literature. While most
DS11 052 + 0.01 22,90 + 024 2342 + 023 valu P viviant und mn hiterature. Whi
of the researchers suggest a pKs value around 35—37 (Al-Borno and
Table D5
Liquid fraction composition of the digested sludge obtained by ICP-EOS
DN Fe (ppm) P (ppm) S (ppm) Ca (ppm) Mg (ppm)
DS1 5,01 90,79 11,79 65,71 7,75
DS2 13,15 + 0.66 74,57 + 3.73 13,38 + 0.67 75,60 + 3.78 1,92 + 0.10
DS3 9,68 + 0.48 71,13 + 3.73 8,86 + 0.44 65,21 + 3.26 16,53 + 0.83
DS4 21,47 + 1.07 39,95 + 2.00 6,45 + 0.32 96,88 + 4.84 22,13 + 1.11
DS5 43,16 + 2.16 43,51 +2.18 5,93 + 0.30 130,77 + 6.54 26,52 +1.33
DS6 44,50 +2.22 28,43 + 1.42 9,21 + 0.46 145,23 + 7.26 28,63 + 1.43
DS7 52,40 + 2.62 50,45 + 2.52 4,29 +0.21 ND 26,08 + 1.30
DS8 50,21 + 2.51 56,91 + 2.85 533 + 0.27 125,92 + 6.30 28,07 + 1.40
DS9 28,21 + 1.41 38,73 £ 1.94 8,41 + 0.42 107,63 + 5.38 26,26 + 1.31
DS10 29,77 + 1.49 51,91 + 2.60 9,39 + 0.47 95,69 + 4.78 24,62 + 1.23
DS11 21,32 £ 1.07 87,86 + 4.39 10,92 + 0.55 81,89 + 4.09 25,65 + 1.28
Table E1
Saturation index for the minerals suspected to be present in digested sludge calculated with Visual Minteq
SI (vivianite) SI (struvite) SI (FeOOH) SI (strengite) SI (FeS) Greigite
DS1 243 -0,30 5,93 525 ~-0,34 26,70
DS2 2,83 -0,95 6,27 5,63 ~-0,20 27,70
DS3 0,42 0,18 6,46 5,20 0,93 26,40
DS4 4,66 0,59 7,14 5,06 0,56 27,30
DS5 4,59 0,73 8,83 4,76 0,63 27,19
DS6 4,58 0,18 7,09 533 0,53 28,68
DS7 10,17 1,01 7,07 4,12 1,80 21,78
DS8 10,14 1,15 6,94 393 1,98 22,19
DS9 518 0,93 723 4,59 0,89 27,78
DS10 4,58 0,78 717 5,19 0,57 28,25
DS11 3,85 1,01 7,14 5,12 0,36 27,86
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Tomson, 1994; Nriagu, 1972; Rosenqvist, 1970), Liu et al., 2018
proposed a higher value ~40. Hypothesizing this value, the SI in
our study would be significantly lower: between —2 and 1. Negative
SI seems impossible considering that vivianite is forming in DS,
indicating that the pKs given by Liu et al, 2018 may be over-
estimated. Therefore, we considered the pKs = 35.76 from Al Borno
et al. in our modelling.

It is interesting to note that the formation of amorphous FeS is
also possible (SI > 0). Another FeSy compound, greigite (Fe()-
Fe(!!,S,), known to be an amorphous intermediate to the formation
of pyrite (Morse et al., 1998), is always saturated with SI values > 25,
and its presence cannot be excluded. Numerous Fe oxides including
ferrihydrite, magnetite or hematite also have high SI (>7) and could
be formed even though no clear evidence of their presence was
found. The formation of struvite and strengite (FePO4*2H,0) is also
thermodynamically possible according to our simulation, but no
trace of these compounds was found by XRD or Mdssbauer. Visual
Minteq does not take into account some parameters (like kinetics
and activation energy) in its model, which can explain the dis-
crepancies between the prediction and reality. For example, it is
common that a mineral kinetically favored forms over a mineral
thermodynamically favored (Brown et al., 1985).

In short, the SI values obtained in this simulation do not allow to
draw clear conclusions but support the presence of FeSyx and the
formation of vivianite over less favored P mineral as strengite or
struvite.

Table E2

Input data for Minteq modelling. P, Mg?* and S have calculated by ICP-OES. Fe?* and
Fe?* have been determined by the ferrozine method. NH value is an average of the
online measurement realized by the operator of the WWTP on the period of study
(Dec. 2018—Apr. 2019). Results of DS7 and DS8 are to be carefully considered as the
WWTP Nieuwveer was having some maintenance in those periods.

(ppm) pH p Fe?* Fe3+ Mg+ NHZ S

DS1 7.48 90.79 0.47 5.41 7.75 250 11.79
DS2 7.48 74.57 0.62 10.70 1.92 250 13.38
DS3 7.69 71.13 0.07 10.57 16.53 250 8.86
DS4 8.14 39.95 0.85 21.57 22.13 250 6.45
DS5 8.19 43,51 0.91 22.25 26.52 250 5.93
DS6 7.76 28.43 1.89 41.95 28.63 250 9.21
DS7 8.45 50.45 46.63 15.53 26.08 250 429
DS8 8.52 56.91 40.22 11.57 28.07 250 533
DS9 8.30 38.73 1.24 2438 26.26 250 8.41

DS10 8.02 51.91 1.14 29.83 24.62 250 9.39
DS11 8.16 87.86 0.52 22.90 25.65 250 10.92

Table F1
Distribution of P, Fe and S in the digested sludge in December 2018 and from January
to April 2019 (average values taken)

Period gaz (kg/day) Liquid (kg/day) Solid (kg/day)
P (Dec. 2018) 0,00 32 519

Fe (Dec. 2018) 0,00 3 717

S (Dec. 2018) 0,16 5 199

P (Jan—Apr. 2019) 0,00 19 587

Fe (Jan—Apr. 2019) 0,00 14 1054

S (Jan—Apr. 2019) 0,15 3 177

Table F2

Average daily mass balance for Fe and P for the period with normal Fe dosing (Dec.
2018) and increased Fe dosing (Jan.—Apr. 2019). The sum of the incoming streams
(Influent, Dosing and external sludge) is higher that of the discharge streams
(effluent and digested sludge) and can be due to an overestimation of the Fe and P in
the external sludge (measured once by Wilfert et al., 2018).

kg/day Fe P
Dec. 2018  Jan.—Apr. 2019 Dec. 2018  Jan.—Apr. 2019
Influent 163 163 598 598
Dosing 555 860 0 0
External sludge 172 172 110 110
Effluent 15 20 73 32
Digested sludge 744 1093 569 620

Table F3
Average concentration of Fe and P in the influent and effluent for the period with
normal Fe dosing (Dec. 2018) and increased Fe dosing (Jan.—Apr. 2019)

mg/L Fe P

Dec. 2018 Jan.—Apr. 2019 Dec. 2018 Jan.—Apr. 2019
Influent 1.9 1.9 7.2 7.85
Effluent 0.18 0.26 0.88 0.42
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Appendix F

Table H1
Solid composition (ICP-OES & Mossbauer spectroscopy) of the digested sludge studied by Wilfert et al., (2016) & 2018, and in this study (calculated from Appendix B and
Appendix D).

Source Sample S (mg/g TS) Fe (mg/g TS) P (mg/g TS) Fe in FeS (mg/g TS) S-Corrected Fe/P P in viv. (%)
W. 2015 Lwd 9 40,5 39,4 7,85 0,46 22%
W. 2015 Nieuw. 10,3 574 35,8 17,96 0,61 48%
W. 2018 Lwd 6,2 434 47,8 10,81 0,38 15%
W. 2018 Berlin 26,4 103,5 354 46,04 0,90 85%
W. 2018 Espoo 83 134,7 31,7 14,47 2,11 102%
W. 2018 Asten 8,7 11 433 15,17 -0,05 0%
W. 2018 Cologne 300K 8,1 100,6 35,5 14,12 1,35 61%
W. 2018 Cologne 100K 8,1 100,6 35,5 14,12 1,35 81%
W. 2018 Cologne 4,2K 8,1 100,6 35,5 14,12 1,35 88%
W. 2018 Dokhaven 11,4 73,9 36,8 19,88 0,82 63%
W. 2018 Nieuw. 8,4 61,6 41,8 14,65 0,62 49%
W. 2018 Espoo 300K 8,3 134,7 31,7 14,47 2,11 82%
W. 2018 Espoo 100K 83 134,7 31,7 14,47 2,11 93%
W. 2018 Espoo 4,2K 83 134,7 31,7 14,47 2,11 68%
This study DS1 12,5 40,5 31,0 21,78 0,34 20%
This study DS2 11,6 46,4 32,0 20,23 0,45 32%
This study DS3 10,5 53,3 34,2 18,27 0,57 27%
This study DS4 11,1 61,5 36,9 19,29 0,64 43%
This study DS5 10,7 58,9 32,5 18,57 0,69 44%
This study DS6 10,6 63,9 34,5 18,54 0,73 51%
This study DS7 10,7 63,2 36,7 18,59 0,68 46%
This study DS8 10,2 68,5 35,6 17,77 0,79 48%
This study DS9 10,5 71,1 36,5 18,29 0,80 55%
This study DS10 11,4 67,4 36,1 19,83 0,73 51%
This study DS11 13,9 56,0 35,2 24,24 0,50 25%
Table I1
Peak height and crystallite size as measured by XRD for the samples of the digested sludge from Nieuwveer
Sample name Date Vivianite in DS (mg/g of TS) Peak position (°20) Peak height (cts) Crystallite size (A)
DS 1 4-12-2018 49.7 + 109 11,083 165 1122 + 30
13,109 660
DS 2 19-12-2018 819+ 125 11,093 90 1221 + 223
13,073 400
DS 3 8-1-2019 734 + 144 11,081 65 1160 + 233
13,079 240
DS 4 22-1-2019 127.1 + 16.6 11,086 120 1054 + 69
13,065 445
DS 5 5-2-2019 1163 + 159 11,085 135 1438 + 101
13,07 490
DS 6 19-2-2019 143.6 +17.2 11,093 125 1237 + 166
13,08 480
DS 7 12-3-2019 1363 + 17.0 11,088 155 1353 + 123
13,073 455
DS 8 2-4-2019 139.5 + 18,5 11,095 160 1237 + 131
13,07 425
DS 9 16-4-2019 1619 + 19.2 11,084 423 1425 + 46
13,06 1385
DS 10 30-4-2019 1494 + 18.2 11,087 273 1325 + 140
13,062 927
DS 11 28-5-2019 704 + 15.1 11,094 174 1475
13,101 524
Table 12

Concentration of the most present ions in magnetic concentrates produced by our
pilot plant in Nieuwveer

g/g of P Ca Cu Mg Mn Zn

14-jan 0,157 0000 0,121 0012 0,008
6-feb 0,296 0005 0,098 0012 0,011
8-mar 0,178 0002 0,073 0011 0,007
9-apr 0,218 0003 0,070 0012 0,007

21-may 0,216 0002 0,092 0011 0,005
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Table J1

Dewaterability of the digested sludge for the period January—April at the WWTP
Nieuwveer (TS stands for Total Solid content of the dewatered sludge and PE stands
for PolyElectrolyte: Kemira superfloc C-62089 Cationic)

Appendix I

To evaluate these phenomena, the ratio of the spectral contri-
bution Site II/Site I as given by Mdssbauer spectroscopy (Appendix

Year 2015 2016 2017 2018 2019 B) can be used. At 300K, it has a value of 2 for pure vivianite, since 2
TS (%) 21,4 22,6 20,2 22,3 21,8 Fe?* occupy the 2 octahedral sites II, while 1 Fe?* occupies the
kg PE/g of TS 104 108 12,1 11,3 108 octahedral site I (Mori and Ito, 1950). Manning et al., (1991) showed
that divalent cations substitute preferentially in Site II, decreasing
the ratio. On the contrary, oxidation should occur more easily in the
Appendix G site I, increasing the ratio (Rouzies and Millet, 1993; McCammon
et al., 1980).
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Fig. G1. Iron quantity in vivianite as a function of the iron content in the digested sludge of Nieuwveer (calculated from Appendix D)

The intercept of the regression line with the X-axis suggests that
28 + 10 mg/g of Fe are needed in sludge before seeing any vivianite
formation. This value seems high but has a big deviation, so further
interpretation is risky.

Appendix H
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Fig. H1. Fraction of phosphorous present in vivianite as a function of the Fe/P molar ratio in the digested sludge of several WWTPs. Combined data from Wilfert et al., (2018) and the

present study (data in Appendix H).5
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Fig. I1. Ratio between Site Il and I as given by Mossbauer spectroscopy (Table B1), as a
function of the vivianite content in the digested sludge of Nieuwveer

Interestingly, the ratio Site II/Site I increased with the vivianite
content in sludge (Fig. I1). It can either suggest that the more viv-
ianite in sludge, the more oxidized it is (1), or the more vivianite in
sludge, the purer it is (2). We showed before that more vivianite
was formed when the Fe dosing was higher. Under these condi-
tions, the saturation index for the formation of vivianite should be
higher, so we can hypothesize that more vivianite formed before
digestion. This early-formed vivianite goes through oxidative con-
ditions, and is, therefore, more likely to be oxidized, which goes in
the direction of the case (1). However, the degree of oxidation as
given by Mossbauer (Ratio (Fe?*1 + Fe?*11)/Fe3*(I + II) in Table B1)
stays constant with the vivianite content increase in DS, disproving
the hypothesis (1). The amount of cations susceptible to replace Fe
in vivianite (Ca & Mg were the most present) stayed constant in the
DS. We could imagine that if there is more vivianite in sludge, the
impurities substituting Fe should be more diluted in vivianite,
supporting the hypothesis (2). While Fe dosing was increased, our
team was also operating a pilot installation in Nieuwveer to
magnetically extract vivianite from the DS (unpublished results).
The extracted vivianite (purity 55—80%) was analyzed for cations
concentrations to confirm (2). From the cations II present (Ca, Mg,
Mn ...), only Mg concentration was decreasing as vivianite content
increased while the other cations were not showing clear trends
(Appendix F).
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Fig. J1. Total N removal for the plant Nieuwveer. Data comparing the time with
standard Fe dosing (2015—2018) to the time with doubled Fe dosing (2019) on the
period January—April.
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Fig. J2. Biogas production for the plant Nieuwveer. Data comparing the time with
standard Fe dosing (2015—2018) to the time with doubled Fe dosing (2019) on the
period January—April.
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Fig. J3. N removal for the plant Nieuwveer. Data comparing the time with standard Fe
dosing (2015—2018) to the time with doubled Fe dosing (2019) on the period
January—April.

Appendix K

The following calculation show that the aeration energy
necessary to fully oxidize the extra Fe dosed in Nieuwveer (366 kg/
day) is negligible compared to the aeration necessary for the COD
removal.

The equation of oxidation of Fe?* into Fe3* is:

4H" + 0, + 4Fe?" = 4Fe** + 2H,0

It means that 1 mol of oxygen is necessary to fully oxidize 4 mol
of Fe?*. Calculations give that to oxidize 366 kg of Fe?*, 52.5 kg of
O, are necessary.

In the WWTP Nieuwveer, the average daily COD was 587 ppm
O, for the period January—April 2019. The average flowrate on the
same period being 76,273 m°>/day, it means that 44.8 tons of O are
necessary to entirely remove this COD. Considering that the plant
COD removal is 93%, 41.7 tons of O, are used everyday to treat the
COD.

It means that the O; that would be necessary to fully oxidize the
extra Fe>" dose represents 0.1% of the O, used for COD removal,
which is negligible.
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