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Phosphorus (P) is an essential resource for food production and chemical industry. Phosphorus use has to become
more sustainable and should include phosphorus recycling from secondary sources. About 20% of P ends up in
sewage sludge, making this a substantial secondary P source. There is currently a technological gap to recover P
from sludge locally at wastewater treatment plants (WWTP) that remove P by dosing iron. Vivianite (Fe3(PO4)208
(H20)) is the main iron phosphate mineral that forms during anaerobic digestion of sewage sludge, provided that
enough iron is present. Vivianite is paramagnetic and can be recovered using a magnetic separator. In this study,
we have scaled up vivianite separation from lab-scale to bench- and pilot-scale. Bench-scale tests showed good
separation of vivianite from digested sewage sludge and that a pulsation force is crucial for obtaining a
concentrate with a high P grade. A pilot-scale magnetic separator (capacity 1.0 m>/h) was used to recover
vivianite from digested sewage sludge at a WWTP. Recirculating and reprocessing sludge allows over 80%
vivianite recovery within three passes. A concentrated P-product was produced with a vivianite content of up to
800 mg/g and a P content of 98 mg/g. P recovery is limited by the amount of P bound in vivianite and can be
increased by increased iron dosing. With sufficient iron dosing, the vivianite content can be increased, and
subsequently more P can be recovered. This would allow compliance with existing German legislation, which

requires a P recovery larger than 50%.

1. Introduction
1.1. Incentive for recovery

Phosphorus (P) is an essential resource for food production and
chemical industry. The primary source of phosphorus is phosphate rock.
About 80% of mined phosphate rock (Ca;o(PO4)s(OH)3) is used in the
fertilizer industry (Van Vuuren et al., 2010). Phosphate rock is a finite
resource and reserves are concentrated in a few countries (USGS, 2020).
The EU has almost no phosphate rock reserves and depends therefore
almost entirely on import from other countries. This means there is a
supply risk of phosphorus for the EU. Consequently, this is why the EU
added phosphate rock and phosphorus to the list of critical raw materials
in 2014 and 2017, respectively (European Commission, 2017, 2014).
Hence, phosphorus use has to become more sustainable and should
include phosphorus recycling from secondary sources. In 2005, the
primary P import of the EU-27 was 1777 kton (van Dijk et al., 2016).
Europe’s Urban Waste Water Treatment Plants annually remove
approximately 370 kton P by immobilization in the sewage sludge (van

Dijk et al., 2016). Therefore, about 20% of imported P ends up in sewage
sludge, making this a substantial secondary source of P and one of the
largest secondary sources after animal manure (Cordell and White,
2013). In 2015, Switzerland implemented legislation demanding P re-
covery from sewage sludge by 2026, followed by Germany demanding
50% recovery in 2017 (BAFU, 2015; BMUV, 2017).

1.2. Technological gap for decentralized P recovery at iron-dosing
WWTPs

Land application of sewage sludge is the most straightforward and
low-cost option to reuse phosphorus. Besides rising concerns about im-
purities in sludge such as micropollutants, pathogens, and heavy metals,
the biggest challenge with direct land application of sewage sludge is the
geographic imbalance of P. There are areas, for example in West-Europe,
where there is a P surplus due to manure from livestock farming (Mac-
Donald et al., 2011). Transporting sludge to areas with a P-deficit is
economically and environmentally unthinkable due to transport costs
and emissions. It is, therefore, desirable to recover a more concentrated
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phosphorus product.

Towards this end, phosphorus can be recovered in a centralized
manner by incineration of the sludge followed by chemical leaching of P
from the ash. Phosphorus recovery from sludge incineration ash has an
advantage due to economy of scale and high recovery efficiency
(Korving et al., 2019). However, these technologies rely on expensive
and strongly centralized infrastructure. Compliance with phosphorus
recovery legislation alone will not be a sufficient reason to build sludge
incinerators. Alternatively, phosphorus can be recovered at the waste-
water treatment plant (WWTP) by the separation of P-bearing minerals
from the sludge, i.e., struvite (Doyle and Parsons, 2002). P-recovery at
the WWTP level has been shown to be environmentally more beneficial
than sludge incineration, although less phosphorus can be recovered
(STOWA, 2016).

In municipal wastewater treatment, the most favored advanced
phosphorus removal technologies are Chemical Phosphorus Removal
(CPR) using iron or aluminum salts and Enhanced Biological Phosphorus
Removal (EBPR). EBPR plants have the option to recover a small fraction
(10-30%) of the P from the sludge as struvite (MgNH4PO4e6H,0) or
calcium phosphate (Egle et al., 2016). For CPR plants, there is currently
a technological gap to recover P from the sludge locally at the WWTP.

1.3. Vivianite recovery

The majority of WWTP in Europe utilize CPR (Korving et al., 2019). If
iron salts are dosed for CPR, phosphorus precipitates as iron phosphate
minerals and is immobilized in the produced sludge. This sludge is then
often anaerobically digested for hygienisation and energy recovery via
methane production. Iron can also be added in the treatment process as a
coagulant to enhance primary sedimentation and thus biogas production
or to prevent hydrogen sulfide emissions (Charles et al., 2006; Ge et al.,
2013).

Recently, research has shown that vivianite (Fe3(PO4)208(H20)) is
the main iron phosphate mineral that forms during digestion of sewage
sludge and that up to 80-90% of all phosphorus in digested sludge can
be present as vivianite, provided that enough iron is present (Wilfert,
2018). Unwanted vivianite scaling and accumulation in WWTPs can
result in the blockage of pipes which leads to an increased need for
maintenance (Prot et al., 2021). The authors also describe simple miti-
gation strategies (i.e., design and operational considerations) to prevent
vivianite scaling. Vivianite can be used as an iron fertilizer to prevent
iron-chlorosis of crops like strawberries, olive trees, lupin, kiwi, grape-
vines, peach trees, and citrus trees growing on calcareous soils (Cabal-
lero et al., 2009; de Santiago et al., 2013; de Santiago and Delgado,
2010; Domenico Rombola et al., 2003; Eynard et al., 1992; Rosado et al.,
2002). Furthermore, vivianite can also be split via an alkaline treatment
into a liquid phosphate fertilizer and an iron oxide precipitate (Prot
et al., 2019), which potentially can be reused as a raw material to pro-
duce iron salts for phosphate binding in sewage treatment plants, thus
creating circular use of the dosed iron.

Vivianite recovery receives increasing interest as a novel approach to
phosphorus recovery. However, recovery of vivianite from sewage
sludge presents a separation challenge as the vivianite particles are
typically small, ranging from 10 to 200 ym. Vivianite is paramagnetic,
and therefore a magnetic separation approach has been suggested and
demonstrated at lab-scale (Prot et al., 2019). In this context, the appli-
cation of industrial mining separators (i.e., High-Gradient Magnetic
Separator), which are designed for extraction of paramagnetic minerals
(Wills and Finch, 2016), allows for a clear pathway for upscaling of the
vivianite recovery from digested sewage sludge. The SLon Vertically
Pulsating High Gradient Magnetic Separator (VPHGMS) is widely used
in the mining industry for ore concentration. Among other applications,
the SLon separator has been used to concentrate fine particles such as
hematite and ilmenite and for desulfurization and dephosphorization of
iron ore feeds prior to steelmaking (Xiong et al., 2015).

In a VPHGMS (Fig. 1), in order to capture paramagnetic particles, a
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Fig. 1. SLon VPHGMS. Courtesy of Outotec.

strong magnetic field is applied over a steel rod matrix which creates
many points of high field gradient. These rods, in this way, attract
paramagnetic particles, and non-magnetic particles are allowed to pass
through the separator without being captured. Pulsation is achieved in
the separation zone by an actuated diaphragm to assist in separation by
agitating the sludge and keeping particles in a loose state. This mini-
mizes the entrapment of particles and maximizes the usable surface area
of the steel rods for magnetics collection (Wills and Finch, 2016).

This study evaluates the application of a VPHGMS for the separation
of vivianite from digested sewage sludge. Firstly, a bench-scale VPHGMS
was used for processing 0.5 L samples in batches to show the feasibility
of the separation process. Secondly, a vivianite separation was studied at
pilot-scale VPHGMS installation at a WWTP in the Netherlands, able to
process 1 m>/h of sludge continuously. Based on these studies, we
evaluate the potential and further development of vivianite recovery by
magnetic separation.

2. Materials and methods
2.1. Bench-scale magnetic separator SLon-100

A SLon-100 unit was provided by Outotec for the bench-scale tests.
This machine is located in Outotecs R&D center in Frankfurt (Germany).
The SLon-100 can process batch samples of 0.5 L, the magnetic field
intensity is adjustable up to 1 Tesla, and steel rod matrices with different
diameters can be utilized.

A steady flow of tap water of 4 L/h is created over the matrix, and
pulsation is achieved with a diaphragm acted on by a motor. A digested
sludge sample of approximately 0.5 L is then fed to the top of the ma-
chine, and the sludge is carried over the matrix by the water flow. The
magnetic particles are retained by the magnetic field on the matrix,
while the non-magnetics are carried out at the bottom of the machine.

Table 1
Overview of bench-scale tests with SLon-100.

Matrix rod diameter Pulsation Magnetic field strength
[mm] [Yes/No] [T]
1 Yes 1.0
1 No 1.0
1 Yes 0.9
2 Yes 1.0
2 No 1.0
2 No 0.5
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Table 1 provides an overview of the performed tests using the Slon-100.
2.2. Pilot plant installation

The pilot installation consisted of a SLon-750 VPHGMS and auxiliary
equipment, namely a feed tank (1 m3), tailings (=treated sludge) tank (1
m3), and Dortmund type settler unit (1 m3). Feed and tailings tanks were
stirred. Worm pumps were used to supply the sludge. It was possible to
reprocess tailings by cycling them back to the feed tank. Fig. 2 shows a
simplified flow scheme diagram of the installation.

2.3. WWTP Nieuwveer

The pilot study took place at WWTP Nieuwveer, the Netherlands,
from 01/09/2018 to 30/06/2019. The WWTP has a size of 375000
population equivalent (p.e.) with an average influent of 75000 m>/day.
At the WWTP Fe(ll) is added in the aerated primary treatment for P
removal. Sludge from primary and secondary treatment is anaerobically
digested for 20 days. The digester receives sludge from other WWTPs,
which accounts for about 30% of the total sludge load. During the pilot
study, parallel research on the influence of the Fe dosing increase on
vivianite formation was performed. The quantity of Fe(II) dosed in the
A-stage was doubled for 4 months (Prot et al., 2020). The share of
phosphorus present as vivianite in the digested sludge increased from 20
to 50% after increasing the Fe dosing, making more phosphorus avail-
able for magnetic separation.

2.4. Pilot plant separation testing and sampling

Digested sludge with a dry matter content of typically 4% was tapped
off from the main process before dewatering, sieved, and then fed to the
pilot installation. Separation tests were performed to determine the
separation performance with varying operational parameters. For each
test, the parameters were set, and the magnetic separator was started.
The feed was started through the SLon, and necessary adjustments were
made to the outflow valves to maintain a steady slurry level in the
separator and to achieve stable operation. Once this was achieved, the
starting time was noted, and samples were taken every 15 min. On
average, tests lasted 30 min to 1 h, with 2 to 4 samples taken for the
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concentrate and tailings stream. The samples for each stream were then
combined to decrease minor variations during the testing time.

2.5. Analytical methods

2.5.1. Microwave digestion and ICP-OES analysis

The dried solid samples were digested in ultrapure HNO3 (69%) in an
Ethos Easy digester from Milestone equipped with an SK-15 High-Pres-
sure rotor. The samples were placed in Teflon vessels, to which 10 ml of
the HNO3 was added. For digested sludge, 50 mg of sample was used,
while for concentrate 30 mg was used. The chosen digestion program
heats the acid to 200 °C in 15 min, maintains this temperature for 15
min, followed by a cool-down period of 1 h.

The digested samples are then diluted and analysed with Inductively
Coupled Plasma (Perkin Elmer, type Optima 5300 DV) equipped with an
Optical Emission Spectroscope (ICP-OES). A Perkin Elmer type ESI-SC-4
DX autosampler was used, and the data was processed with Perkin Elmer
WinLab32. A solution of 10 mg/L Yttrium and a 2% HNOs solution were
used as an internal standard solution and rinsing solution, respectively.

2.5.2. Mossbauer spectroscopy

The sample was put in a plastic ring sealed with Kapton foil and
epoxy glue and wrapped in aluminum foil to prevent exposure to oxygen
and light. The sample mass was adjusted with carbon powder to contain
a maximum of 17.5 mg of Fe/cm? Transmission °’Fe Mossbauer ab-
sorption spectra were acquired at a temperature of 300 K with a con-
ventional constant-acceleration spectrometer using a 57Co (Rh) source.
Velocity calibration was performed using an a-Fe foil. The Mossbauer
spectra were fitted using the Mosswinn 4.0 program (Klencsar, 1997).

2.5.3. Dry solids

To determine dry solids percentage. Samples were dried in a Petri
dish in a fumehood at room temperature to prevent loss of crystalline
water from the vivianite structures.

2.6. Measures of separation

2.6.1. Grade
Grade commonly refers to the content of a particular element or
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Fig. 2. Simplified flow scheme of pilot installation for vivianite recovery deployed at the WWTP Nieuwveer (The Netherlands).
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mineral in any stream, such as the feed and concentrate. The grade will
be expressed in the weight ratio unit mg/g.

We adapted a method developed by (Prot et al. 2020) to determine
the grade of vivianite in the sludge, which is based on Mossbauer
spectroscopy. Mossbauer spectroscopy can detect and speciate iron
minerals very accurately and can determine the part of the total iron in
the sludge that is bound in vivianite. Using the data from Prot et al.
(experiment performed during the same time period at the same loca-
tion), the molar Fe:P ratio can be correlated to the amount of vivianite in
the digested sludge, which is expressed as the percentage of P bound to
vivianite. The following equation was derived from the data of Prot
et al., (2020).

P,y =0.98-Fe/P — 0.53 +0.05 )]

where Py, is the fraction of total phosphorus in the sludge that is
immobilized in the form of vivianite, and Fe/P is the molar Fe to P ratio.

Another but less accurate approach is to estimate the vivianite grade
of the concentrate purely based on the P content of the concentrate. Pure
vivianite has a P grade of 12.35%. Therefore dividing the P grade of the
concentrate by this value will give an estimate of the vivianite grade of
the concentrate. Since vivianite is the only P-bearing magnetic mineral
that is likely to be present, this is a reasonable approach, although some
sludge and other impurities (potentially containing P) may also be
entrained.

2.6.2. Recovery

The recovery is the percentage of the total element or mineral con-
tained in the sludge that is recovered in the concentrate. The calculation
requires the mass balance of the separation, as well as the grades of feed
and concentrate:

_cxC
7f*F

(2)

where c is the grade (content) of element or mineral in the concentrate, f
is the grade of the feed. C is the mass (or flowrate) of concentrate, and F
the mass or flow rate of feed.

2.7. Response surface analysis

A wet magnetic separator has several operational parameters which
influence the separation efficiency, and their net effect cannot be pre-
dicted in advance. Therefore, a response surface analysis was performed
to determine the most relevant influences. The parameters and their
expected effects on vivianite separation are as follows. Response surface
methodology (RSM) is a collection of statistical techniques useful for
developing and optimizing processes. Response surface equations model
how changes in variables affect a response of interest. For the performed
screening experiment in this study, the experimental data are evaluated
to fit a statistical model using Minitab® (Version 18.1). The experi-
mental data is fitted by using least-squares regression.

2.7.1. Pulsation frequency

Pulsation agitates the sludge and keeps particles in a loose state,
which minimizes entrapment of non-magnetic particles. Pulsation also
maximizes the area of the steel rods that are used to trap magnetic
particles. However, due to the pulsation drag forces, fine vivianite
particles may not stay attached to the rods, which will decrease recov-
ery. The workings of the pulsation mechanism and the effect on fine
vivianite particles suggest that there would be an optimum pulsation
frequency.

2.7.2. Rod matrix diameter

In the magnetic separator, the applied magnetic field creates many
points of high field gradient in the steel rod matrix in order to capture
the vivianite particles. Agglomeration of the particles can take place if

Water Research 212 (2022) 118131

they are small and/or have a high magnetic susceptibility if the field is
intense. This effect can entrap sludge particles as well as bridge the gaps
between magnetic poles, reducing the efficiency of separation. A smaller
rod diameter results in a higher magnetic field gradient, which can in-
crease this effect. Smaller diameter rods also have a smaller distance
between them, which can increase the bridging effect. In general, this
results in a higher recovery percentage for small rod diameters but a
lower vivianite grade of the product, as more sludge particles are
entrapped.

2.7.3. Magnetic field intensity

The magnetic field intensity should be high enough to make sure that
a particle that collides with a matrix rod will remain attached to that
rod. Any further increase of the field intensity will only retain particles
with weaker magnetic properties (less pure) or entrap non-magnetic
particles by agglomeration. Another negative effect of high field in-
tensity is that a high field strength can actually decrease the magnetic
susceptibility of a particle if this particle shows some degree of magnetic
ordering (Svoboda, 1994). The magnetic force on a particle is directly
proportional to the magnetic field gradient in the separator, as well as
the magnetic susceptibility of the particle. Therefore, the net effect of
increased field intensity can actually be a decrease in the magnetic force
experienced by the particle. Applying the appropriate magnetic field is
therefore crucial for a good separation performance.

The response surface analysis with different operating parameters
was done on the 34 pilot-scale separation tests to statistically investigate
their effect. A custom response surface design was defined using Mini-
tabversion 18. As continuous factors were chosen molar Fe/P ratio of
feed, Matrix rod diameter, Pulsation frequency, Magnetic field intensity,
and Feed rate. The following levels were specified as low and high
(Table 2).

The response surface results were then analysed by plotting normal
plots for ‘Vivianite grade’, ‘Vivianite recovery’, 'P Recovery’ ,’P Grade’
,’Fe Recovery’, and "Fe Grade’.

A normal probability plot shows the standardized effects relative to a
distribution fit line for the case when all the effects would be 0. The
standardized effects are t-tests that test the null hypothesis that the effect
is 0. Positive effects have an increased response when the setting in-
creases from a low to high value, whereas negative effects would have a
decreased response to this. The greater the magnitude of the effect, the
further from O they are on the x-axis.

3. Results

3.1. Bench-scale tests: good separation of vivianite and pulsation is
crucial

Digested sludge from WWTP Nieuwveer was subjected to a bench-
scale separation test to evaluate the effect of pulsation, applied mag-
netic field strength, and matrix rod diameter. Fig. 3 shows the bench-
scale results with the Slon-100 machine in terms of recovery and
grade of P.

The results show that pulsation frequency has a significant effect on
separation. With pulsation, the grade of the vivianite concentrate is
significantly higher than without while the recovery decreases. Pulsa-
tion agitates the slurry and keeps particles in a loose state, which

Table 2

Low and high values for parameters used in response surface analysis.
Factor Name Low High
A Molar Fe/P ratio feed 0.82 1.12
B Matrix [mm] 1 3
C Pulsation frequency [rpm] 0 200
D Magnetic field [T] 0.5 1.0
E Feed rate [m®/h] 0.5 1.0
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Fig. 3. Impact of pulsation in bench-scale magnetic vivianite separation
expressed in phosphorus recovery and quality of recovered material. Labels
show matrix rod diameter and magnetic field intensity in the magnetic sepa-
rator. Pulsation enhances the grade of the recovered concentrate. A bigger rod
diameter shows an increase in concentrate P grade and a decrease in P recovery.

minimizes entrapment of non-magnetic particles. Pulsation also maxi-
mizes the area of the magnetized rods that is used to trap magnetic
particles. One would expect that pulsation increases the recovery.
However, due to the pulsation drag forces, fine vivianite particles will
likely not stay attached to the rods, which will decrease the recovery.
The workings of the pulsation mechanism and the effect on fine vivianite
particles already suggest that there would be an optimum pulsation
frequency. Too much pulsation will remove fines, but not enough pul-
sation will entrap non-magnetic particles. Another smaller effect that
can be observed from the bench-scale separation tests is the effect of rod
diameter. A bigger rod diameter shows an increase in grade and a
decrease in recovery. With a bigger rod diameter, the distance between
rods is larger, which will decrease the magnetic field gradient. The
larger distance causes less entrapment by fines, and the decrease in field
gradient will separate the more susceptible and purer vivianite, which
will increase the concentrate grade.

The theoretical maximum phosphorus grade that can be reached is
123.5 mg/g, which is pure vivianite. The bench-scale separation tests
showed promising results that vivianite can be recovered from sludge
with a relatively high grade and establishes the potential for this tech-
nology on a large scale.

3.2. Pilot-scale separation tests show that over 80% of vivianite can be
recovered in three passes

Pilot testing was performed over a period of 9 months. The vivianite
content of the sludge during the pilot testing varied between 44 and 148
mg/g, which immobilizes 18% to 54% of the phosphorus in the sludge in
the form of vivianite, respectively. The variation in the vivianite content
is due to the experimental increase and decrease of iron salt dosing
during the same period as discussed in Prot et al. 2020. During the
operational period, 34 separation tests were performed with different
operational parameters and varying vivianite content of the feed sludge.
The results of all the separation tests are plotted in Fig. 4.

Table 3 shows additional detailed information for selected results
with calculated vivianite recoveries and grades (full results are available
in the supporting information).
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Fig. 4. Separation performance of all tests conducted with pilot-scale magnetic
separator expressed in phosphorus recovery and quality of recovered material.
Difference in steel matrix rod diameter is shown in graph. A = 1 mm, ll= 1.5
mm @ = 3 mm. Outliers are marked with a circle. With a larger rod diameter,
the P grade of the concentrate increases.

3.3. Recirculation increased the vivianite recovery to over 80%

From separation testing, it was apparent that a 3 mm rod matrix
performed better over time. Small diameter rods are more prone to bend
and break under the influence of the strong magnetic field. In fact, a 1
mm diameter rod matrix is not recommended for industrial use by the
machine supplier due to this reason (personal communication Outotec).
Furthermore, a fine rod matrix is prone to blocking by coarse material,
which was experienced during pilot testing. Additionally, a high-grade
concentrate is desirable due to transport costs of concentrate. This
suggests using a big diameter rod matrix. Therefore, a 3 mm rod matrix
is the best choice for industrial application of this technology for viv-
ianite recovery. However, a 3 mm rod matrix has a low vivianite re-
covery. Only about 30% of the vivianite in the sludge is recovered in one
pass. To increase the recovery, tests were performed where sludge was
processed by the magnetic separator in three separate passes, increasing
the recovery with each pass. The results are shown in Table 4.

With enough iron dosing, more than 80% of the P in the sludge can
be immobilized in the form of vivianite (Wilfert et al., 2018). If 80% of
the vivianite is recovered, the total P recovery from sludge will be over
64%. This recovery potential is higher than that of struvite, which rea-
ches typically only 10-30% of the total P load (Cornel and Schaum,
2009; Egle et al., 2016; Lodder et al., 2011) and complies with existing
legislation in Switzerland and Germany where 50% of P recovery from
sludge is demanded. Despite its occurrence in WWTPs dosing iron, no
vivianite scaling was observed in the magnetic separator unit over
several months of operation. This is in line with the findings of Prot
et al,, 2021 who suggest that occurrence of vivianite scaling after
digestion is unlikely (Prot et al., 2021).

3.4. The effect of parameters and their interaction is complex and can be
optimized by response surface methodology

As discussed in the materials and methods section, the following
operational parameters are expected to influence the separation
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Table 3

Water Research 212 (2022) 118131

Selected results of separation performance of pilot installation showing parameters used for maximum recovery, maximum grade, and long-term operation.

Rod diameter Field intensity Pulsation P grade P recovery Vivianite grade Vivianite recovery
(mm] T [rpm] [mg/g] [%] [mg/g] [%]

Max. recovery 1 0.5 100 72 18 580 52

Max. grade 3 1 100 101 12 814 36

Average of long-term operation 3 1 100 91 12 735 31
Table 4 99
Recirculation test results of 17-1: matrix 3 mm, pulsation 100 rpm, Field 1T, Effect Type /
Feed rate 0.5 m®/h. Vivianite content in the sludge 73 mg/g dry. A total vivianite ® Not Significant / mC
recovery of 81% from the original feed sludge was achieved in 3 passes. 95~ ® Significant )

/ [
Pass Mass Fe recovery P recovery Vivianite Vivianite grade 90 y °
yield from feed from feed recovery concentrate ps o
(%) (%) (%) from feed (mg/g) 80 : °
(%) 70 y- —1®
// \4

1 4 17 11 36 697 € 60 Vdraind

2 4 13 9 27 731 g 50 /./ ®

3 3 8 6 18 683 & 4. . A

Total 11 38 26 81 705 30 o

° e
20 ° .
efficiency: pulsation frequency, rod matrix diameter, magnetic field = (D , Zacm" 2‘:/':9““0 foed
. . . . 10 ’
intensity. A response surface analysis was done on the 34 pilot-scale mBC T/ B Matrix
separation tests to statistically investigate the effect of each of the 5 an ! C Pulsation frequency
operational parameters. / D Magnetic field
Normal plots for the standardized effect are given for the vivianite N4 £ Feedrate

recovery in Fig. 5 and vivianite grade in Fig. 6 below. ) 1 0 1 2 3 4

The normal plots show that the pulsation frequency has the biggest
effect on recovery, followed by the matrix rod diameter. The parameters
or combinations thereof that have a significant effect on the vivianite
grade of the concentrate, in order of magnitude, are pulsation frequency,
combination pulsation frequency and magnetic field, combination pul-
sation frequency and matrix rod diameter, and the combination of Fe/P
ratio and magnetic field. The significance of the combination of pulsa-
tion frequency with the other parameters shows that the effect of pul-
sation is dependent on other parameters, for example, magnetic field,
and could be optimized using response surface methodology. An inter-
esting observation from the response surface analysis is the significant
negative effect of the combination of Fe/P ratio and magnetic field. This
means that if the Fe/P ratio increased and magnetic field strength
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Fig. 5. Normal plot of the standardized effect on vivianite recovery(a = 0.95).
The significant effects are pulsation frequency (C, positive effect), and Matrix
rod diameter (B, negative effect).

Standardized Effect

Fig. 6. Normal plot of the standardized effects on vivianite grade of the
concentrate(ox = 0.95). The significant effects are Pulsation frequency (C, pos-
itive), combination of pulsation frequency with magnetic field intensity (CD),
combination of pulsation frequency with matrix rod diameter (BC), and com-
bination of Fe/P ratio of the feed and magnetic field intensity (AD) (negative).

increased, the vivianite grade of the concentrate decreased. The Fe/P
ratio is increased by additional iron dosing. The newly formed vivianite
from additional dosing could be present as finer particles, which can
form flocs that entrap organics, lowering the concentrate vivianite
grade. Another explanation that could add to this effect is that other Fe
minerals are formed, which are recovered in the magnetic fraction.

3.5. A concentrated phosphorus product was produced by magnetic
separation

Mossbauer spectroscopy was performed on a sample of mixed
concentrate from the pilot installation. The results showed that the
vivianite grade of the concentrate was 710 + 40 mg/g based on the iron
speciation. It is known that iron can be replaced by other divalent ions
(like Ca, Mg and Mn) in the vivianite structure, and therefore it is better
to speak of vivianite-like structures (Wilfert, 2018). If we assume that
the Ca, Mg, and Mn that we measured in the concentrate is in fact
replacing iron sites in the vivianite-like structures, then the vivianite
grade will be higher as this part of the vivianite is not quantified by
Mossbauer spectroscopy. The vivianite content of the concentrate would
then be 800 mg/g. 96% of the phosphorus in the concentrate was bound
to vivianite in this case. The total carbon content of the concentrate was
10%, the total nitrogen content was 1%. The phosphorus content of the
concentrate is 9.8% P, or 22.4% P,05 equivalent. Supported by the mass
balance calculations (see SI), no P losses or vivianite accumulation have
been observed in the pilot installation. Additionally, XRD and SEM-EDX
analyses performed by Prot et al. 2020 on the digested sludge from
Nieuwveer during the operation time of this pilot experiments revealed
the presence of vivianite, while struvite was absent (Prot et al., 2020). A
complete elemental analyses, including heavy metals, were performed
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on the concentrate and reported in the supplemental information. Heavy
metal concentrations were in line and somewhat lower than earlier re-
ported for lab-scale magnetic separation tests (Prot et al., 2019).

4. Discussion

The pilot tests were performed with a SLon-750 VPHGMS and were
operated with feed flow rates of either 0.5 or 1 m®/h of digested sludge
that was tapped of before the final dewatering of the sewage sludge.
Sewage sludge presents a very different matrix when compared to iron
ore slurries that are typically treated in this type of separator. The
treated digested sludge’s viscosity was comparable to these sludges (see
SI) but had a significantly lower dry matter content (ca. 4% dry matter
for digested sludge compared to 20-40% dry matter for iron ore slurries)
(Xiong et al., 2015). For this sewage treatment plant (raw sewage inflow
of 75000 m3/day) the total digested sludge production is roughly 16
m>/h. Upscaling of the pilot system requires an increase in the ring
diameter and/or the width of the ring. VPHGMS equipment is
commercially available in capacities ranging from 10 to 1000 m>/h iron
ore slurry input and is, therefore, more than large enough to treat the full
capacity of this or even significantly larger sewage treatment plants, also
if recirculation is needed to maximize the recovery efficiency. A
full-scale ViviMag installation for Nieuwveer WWTP would have to treat
16 m®/h of digested sludge. An industrial scale Slon-1000 has a nominal
throughput of 10-20 m%/h and it requires 3.3 kW of electrical power
(Gruening et al., 2020). Hence, the power consumption is approximately
0.5-1 kWh/m? sludge treated, assuming three passes to obtained the
desired efficiency. This is comparable to the energy consumption of a
sludge dewatering centrifuge, which is 1.0-1.6 kWh/m? (DWA, 2013).

An important aspect in a full-scale application is the potential effect
of the magnetic separation on the dewaterability of the digested sludge.
A lower dewaterability would imply higher sludge disposal volumes and
associated disposal costs. Therefore, preliminary dewaterability tests
were performed both in lab-scale experiments and at pilot-scale using a
decanter centrifuge. The results are reported in the supplemental in-
formation and show that there was a small negative effect on the dew-
aterability of the treated sludge. This effect will be compensated by the
reduction in sludge volume that needs to be dewatered through the
removal of vivianite from the sludge. Further optimization of the se-
lection of the poly-electrolyte used for flocculation may further improve
the dewatering.

This study shows that commercially available VPHGMS-equipment
can be used to "mine" this vivianite from the digested sewage sludge.
Typically, sewage treatment plants remove 90% of all phosphorus from
the sewage influent and concentrate it in the surplus sludge, which is
often digested in the larger sewage treatment plants to produce biogas. If
enough iron is dosed either in the main water line and/or in the sludge
digester, then 80-90% of the phosphorus in the sewage sludge is present
as vivianite (Wilfert 2018). The current study shows that a magnetic
separation approach can recover 80% of this vivianite. Overall, this
means that 60-64% of the phosphorus in the sewage influent can be
recovered as vivianite while recovering most of the dosed iron as well.
Such an approach (called ViviMag) makes phosphorus recovery possible
for sewage plants that employ chemical phosphorus removal, where
currently this is not possible. The ViviMag approach would also have
higher recovery efficiencies compared to struvite recovery approaches
that are currently being implemented in sewage treatment plants
applying enhanced biological phosphorus removal and typically show a
recovery potential of 10-40% of the influent phosphorus (Korving et al.,
2019). The market potential for this technology is enormous as the
majority of WWTPs in Europe utilize CPR with iron salt addition either
as a main phosphorus removal strategy, or to support the EBPR tech-
nology (Korving et al., 2019).

Future work should focus on further optimizing the magnetic sepa-
ration to improve recovery efficiencies and purity of the magnetic
concentrate, and suggestions were made for the main parameters to
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focus on. Also, additional purification steps (for instance, a washing
approach) can improve the purity of the recovered vivianite. Further
research on alkaline splitting the vivianite into an iron phase and
phosphate phase would make it possible to create circular use of iron
salts for phosphorus recovery at a WWTP (Prot et al., 2019).

5. Conclusions

Vivianite recovery is emerging as a promising approach for phos-
phorus recovery from sewage treatment plants employing iron salts
for phosphorus removal. The small particle size of vivianite particles
and the complex sludge matrix make an efficient separation
challenging.

e Magnetic separation equipment commonly used in the mining in-
dustry was able to extract the paramagnetic vivianite efficiently from
digested sludge, thus truly introducing a concept of "urban mining".
With this approach a recovery efficiency from digested sludge of 80%
was achieved, making it possible to recover over 60% of the influent
phosphorus load.

The recovered magnetic concentrate has a purity of up to 800 mg
vivianite per gram (98 mg P/g) with low concentrations of heavy
metals.

The effect of the operational parameters on the separation perfor-
mance is complex and was optimized by using response surface
methodology.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was performed in the cooperation framework of Wetsus,
European centre of Excellence for Sustainable Water Technology (www.
wetsus.eu). Wetsus is co-funded by the Dutch Ministry of Economic
Affairs and Ministry of Infrastructure and Environment, the European
Union Regional Development Fund, the Province of Fryslan, and the
Northern Netherlands Provinces. This work was performed in the
context of EIT RawMaterials project Vivimag (ID 17021) together with
Kemira (SWE & FIN), Outotec (GER & FIN), Wetsus, and TU Delft. This
activity has received funding from the European Institute of Innovation
and Technology (EIT), a body of the European Union, under the Horizon
2020, the EU Framework Programme for Research and Innovation. The
authors would like to especially thank Stef Koomen for the viscosity
measurement, Jochen Gruening (Outotec GER), Tanja Schaaf (Outotec
GER), Juha Saari (Outotec FIN), Ian Sherrell (Outotec USA), and Peter
Jansson (Outotec USA) for providing the SLon and their technical sup-
port, Sietze van de Velde and Roel Deelstra (Oosterhof Holman) for
construction of the pilot and technical support, Leonie Hartog, Peter
Bergmans, Rini van Haperen, Antoon Buijnsters, and Daan Brugmans,
and other staff from WWTP Nieuwveer (Waterschap Brabantse Delta) for
hosting the pilot installation and their support. Furthermore, the author
like to thank the participants of the research theme "Phosphate recovery"
for fruitful discussions and financial support.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.watres.2022.118131.

References

Bundesministerium fiir Umwelt, 2017. Verordnung zur neuordnung der
klarschlammverwertung. Bundesgesetzblatt 3465-3512, 2017.


http://www.wetsus.eu
http://www.wetsus.eu
https://doi.org/10.1016/j.watres.2022.118131
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0002
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0002

W.K. Wijdeveld et al.

Caballero, R., Pajuelo, P., Ordovas, J., Carmona, E., Delgado, A., 2009. Evaluation and
correction of nutrient availability to Gerbera jamesonii H. Bolus in various compost-
based growing media. Sci. Hortic. 122, 244-250. https://doi.org/10.1016/j.
scienta.2009.05.010 (Amsterdam).

Charles, W., Cord-Ruwisch, R., Ho, G., Costa, M., Spencer, P., 2006. Solutions to a
combined problem of excessive hydrogen sulfide in biogas and struvite scaling.
Water Sci. Technol. 53, 203-210. https://doi.org/10.2166/wst.2006.198.

Cordell, D., White, S., 2013. Sustainable phosphorus measures: strategies and
technologies for achieving phosphorus security. Agronomy 3, 86-116. https://doi.
org/10.3390/agronomy3010086.

Cornel, P., Schaum, C., 2009. Phosphorus recovery from wastewater: needs, technologies
and costs. Water Sci. Technol. 59, 1069-1076. https://doi.org/10.2166/
wst.2009.045.

de Santiago, A., Carmona, E., Quintero, J.M., Delgado, A., 2013. Effectiveness of
mixtures of vivianite and organic materials in preventing iron chlorosis in
strawberry. Span. J. Agric. Res. 11, 208-216. https://doi.org/10.5424/sjar/
2013111-2671.

de Santiago, A., Delgado, A., 2010. Interaction between beet vinasse and iron fertilisers
in the prevention of iron deficiency in lupins. J. Sci. Food Agric. 90, 2188-2194.
https://doi.org/10.1002/jsfa.4068.

Domenico Rombola, A., Toselli, M., Carpintero, J., Ammari, T., Quartieri, M., Torrent, J.,
Marangoni, B., 2003. Prevention of iron-deficiency induced chlorosis in kiwifruit (
Actinidia deliciosa ) through soil application of synthetic vivianite in a calcareous
soil. J. Plant Nutr. 26, 2031-2041. https://doi.org/10.1081/PLN-120024262.

Doyle, J.D., Parsons, S.A., 2002. Struvite formation, control and recovery. Water Res. 36,
3925-3940. https://doi.org/10.1016/50043-1354(02)00126-4.

BAFU, 2015. Totalrevision der Technischen Verordnung iiber Abfille (TVA) - Bericht
iiber die Ergebnisse der Anhérung [WWW Document]. Bundesamt fiir Umwelt;
Ref. 0342-0454. URL https://www.newsd.admin.ch/newsd/message/attachments/
42098.pdf (accessed 1.4.21).

DWA, 2013. Merkblatt DWA-M 366 - maschinelle schlammentwasserung, 02/2013. ed.
Hennef : Deutsche Vereinigung fiir Wasserwirtschaft Abwasser und Abfall e.V.

Egle, L., Rechberger, H., Krampe, J., Zessner, M., 2016. Phosphorus recovery from
municipal wastewater: an integrated comparative technological, environmental and
economic assessment of P recovery technologies. Sci. Total Environ. 571, 522-542.
https://doi.org/10.1016/j.scitotenv.2016.07.019.

European Commission, 2017. Communication from the commission to the European
parliament, the council, the European economic and social committee and the
committee of the regions on the 2017 list of critical raw materials for the EU. Off. J.
Eur. Union COM (2017), 8.

European Commission, 2014. On the review of the list of critical raw materials for the EU
and the implementation of the raw materials initiative [WWW document]. URL
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52014DC029
7&locale—en (accessed 2.16.21).

Eynard, A., Campillo, M.C., Barrén, V., Torrent, J., 1992. Use of vivianite (Fe3(PO4)208
(H20) to prevent iron chlorosis in calcareous soils. Fertil. Res. 31, 61-67. https://
doi.org/10.1007/BF01064228.

Ge, H., Zhang, L., Batstone, D.J., Keller, J., Yuan, Z., 2013. Impact of iron salt dosage to
sewers on downstream anaerobic sludge digesters: sulfide control and methane
production. J. Environ. Eng. 139, 594-601. https://doi.org/10.1061/(ASCE)
EE.1943-7870.0000650 (United States).

Gruening, J., Saari, J., Sherrell, 1., Jansson, P., 2020. Personal communcation with
Outotec.

Water Research 212 (2022) 118131

Klencsdr, Z., 1997. Mossbauer spectrum analysis by evolution algorithm. Nucl. Instrum.
Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 129, 527-533. https://doi.
0rg/10.1016/50168-583X(97)00314-5.

Korving, L., Van Loosdrecht, M., Wilfert, P., 2019. Effect of iron on phosphate recovery
from sewage sludge. Phosphorus Recovery and Recycling. Springer, Singapore,
pp. 303-326. https://doi.org/10.1007/978-981-10-8031-9_21. Singapore.

Lodder, R., Meulenkamp, R., Notenboom, G., 2011. Fosfaatterugwinning in Communale
Afvalwaterzuiveringsinstallaties, 24. STOWA Rapport, Amersfoort, p. 102. ISBN:
978.90.5773.539.4, STOWA 2011-24.

MacDonald, G.K., Bennett, E.M., Potter, P.A., Ramankutty, N., 2011. Agronomic
phosphorus imbalances across the world’s croplands. Proc. Natl. Acad. Sci. 108,
3086-3091. https://doi.org/10.1073/pnas.1010808108.

Prot, T., Korving, L., Dugulan, A.I., Goubitz, K., van Loosdrecht, M.C.M., 2021. Vivianite
scaling in wastewater treatment plants: occurrence, formation mechanisms and
mitigation solutions. Water Res. 197, 117045 https://doi.org/10.1016/j.
watres.2021.117045.

Prot, T., Nguyen, V.H., Wilfert, P., Dugulan, A.IL, Goubitz, K., De Ridder, D.J.,

Korving, L., Rem, P., Bouderbala, A., Witkamp, G.J., van Loosdrecht, M.C.M., 2019.
Magnetic separation and characterization of vivianite from digested sewage sludge.
Sep. Purif. Technol. 224, 564-579. https://doi.org/10.1016/j.seppur.2019.05.057.

Prot, T., Wijdeveld, W., Eshun, L.E., Dugulan, A.I., Goubitz, K., Korving, L., Van
Loosdrecht, M.C.M., 2020. Full-scale increased iron dosage to stimulate the
formation of vivianite and its recovery from digested sewage sludge. Water Res. 182,
115911 https://doi.org/10.1016/j.watres.2020.115911.

Rosado, R., Del Campillo, M.C., Martinez, M.A., Barrén, V., Torrent, J., 2002. Long-term
effectiveness of vivianite in reducing iron chlorosis in olive trees. Plant Soil 241,
139-144. https://doi.org/10.1023/A:1016058713291.

Visser, C., Odegard, 1.Y.R., Nabe, N.R., Bergsma, G.C., Nieuwenhuijzen, A.F., van
Sanders, M.H.A., 2016. Levenscyclusanalyse van grondstoffen uit rioolwater.
STOWA Rapport, p. 22. ISBN: 978.90.5773.713.8, STOWA, Amersfoort.

Svoboda, J., 1994. The effect of magnetic field strenght on the efficiency of magnetic
separation. Miner. Eng. 7, 747-757. https://doi.org/10.1016/0892-6875(94)90104-
X.

USGS, 2020. Phosphate rock statistics and information. Nat. Resour. U.S.-canadian
Relations, vol. 2 Patterns Trends Resour. Supplies Policies 122-123.

van Dijk, K.C., Lesschen, J.P., Oenema, O., 2016. Phosphorus flows and balances of the
European Union Member States. Sci. Total Environ. 542, 1078-1093. https://doi.
org/10.1016/j.scitotenv.2015.08.048.

Van Vuuren, D.P., Bouwman, A.F., Beusen, A.-H.W., 2010. Phosphorus demand for the
1970-2100 period: a scenario analysis of resource depletion. Glob. Environ. Change
20, 428-439. https://doi.org/10.1016/j.gloenvcha.2010.04.004.

Wilfert, P., 2018. Phosphate Recovery from Sewage Sludge Containing Iron Phosphate.
TU Delft. https://doi.org/10.4233/uuid:f3729790-0cfe-4f92-866b-eca3f2f2df24.
Wilfert, P., Dugulan, A.IL, Goubitz, K., Korving, L., Witkamp, G.J., Van Loosdrecht, M.C.
M., 2018. Vivianite as the main phosphate mineral in digested sewage sludge and its
role for phosphate recovery. Water Res. 144, 312-321. https://doi.org/10.1016/j.

watres.2018.07.020.

Wills, B.A., Finch, J.A., 2016. Magnetic and electrical separation. Wills’ Mineral
Processing Technology. Elsevier, pp. 381-407. https://doi.org/10.1016/B978-0-08-
097053-0.00013-3.

Xiong, D., Lu, L., Holmes, R.J., 2015. Developments in the physical separation of iron
ore: magnetic separation. Iron Ore Mineral. Process. Environ. Sustain. 283-307.
https://doi.org/10.1016/B978-1-78242-156-6.00009-5.


https://doi.org/10.1016/j.scienta.2009.05.010
https://doi.org/10.1016/j.scienta.2009.05.010
https://doi.org/10.2166/wst.2006.198
https://doi.org/10.3390/agronomy3010086
https://doi.org/10.3390/agronomy3010086
https://doi.org/10.2166/wst.2009.045
https://doi.org/10.2166/wst.2009.045
https://doi.org/10.5424/sjar/2013111-2671
https://doi.org/10.5424/sjar/2013111-2671
https://doi.org/10.1002/jsfa.4068
https://doi.org/10.1081/PLN-120024262
https://doi.org/10.1016/S0043-1354(02)00126-4
https://www.newsd.admin.ch/newsd/message/attachments/42098.pdf
https://www.newsd.admin.ch/newsd/message/attachments/42098.pdf
https://doi.org/10.1016/j.scitotenv.2016.07.019
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0013
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0013
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0013
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0013
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52014DC0297&tnqh_x0026;locale=en
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52014DC0297&tnqh_x0026;locale=en
https://doi.org/10.1007/BF01064228
https://doi.org/10.1007/BF01064228
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000650
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000650
https://doi.org/10.1016/S0168-583X(97)00314-5
https://doi.org/10.1016/S0168-583X(97)00314-5
https://doi.org/10.1007/978-981-10-8031-9_21
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0020
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0020
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0020
https://doi.org/10.1073/pnas.1010808108
https://doi.org/10.1016/j.watres.2021.117045
https://doi.org/10.1016/j.watres.2021.117045
https://doi.org/10.1016/j.seppur.2019.05.057
https://doi.org/10.1016/j.watres.2020.115911
https://doi.org/10.1023/A:1016058713291
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0026
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0026
http://refhub.elsevier.com/S0043-1354(22)00094-X/sbref0026
https://doi.org/10.1016/0892-6875(94)90104-X
https://doi.org/10.1016/0892-6875(94)90104-X
https://doi.org/10.1016/j.scitotenv.2015.08.048
https://doi.org/10.1016/j.scitotenv.2015.08.048
https://doi.org/10.1016/j.gloenvcha.2010.04.004
https://doi.org/10.4233/uuid:f3729790-0cfe-4f92-866b-eca3f2f2df24
https://doi.org/10.1016/j.watres.2018.07.020
https://doi.org/10.1016/j.watres.2018.07.020
https://doi.org/10.1016/B978-0-08-097053-0.00013-3
https://doi.org/10.1016/B978-0-08-097053-0.00013-3
https://doi.org/10.1016/B978-1-78242-156-6.00009-5

	Pilot-scale magnetic recovery of vivianite from digested sewage sludge
	1 Introduction
	1.1 Incentive for recovery
	1.2 Technological gap for decentralized P recovery at iron-dosing WWTPs
	1.3 Vivianite recovery

	2 Materials and methods
	2.1 Bench-scale magnetic separator SLon-100
	2.2 Pilot plant installation
	2.3 WWTP Nieuwveer
	2.4 Pilot plant separation testing and sampling
	2.5 Analytical methods
	2.5.1 Microwave digestion and ICP-OES analysis
	2.5.2 Mössbauer spectroscopy
	2.5.3 Dry solids

	2.6 Measures of separation
	2.6.1 Grade
	2.6.2 Recovery

	2.7 Response surface analysis
	2.7.1 Pulsation frequency
	2.7.2 Rod matrix diameter
	2.7.3 Magnetic field intensity


	3 Results
	3.1 Bench-scale tests: good separation of vivianite and pulsation is crucial
	3.2 Pilot-scale separation tests show that over 80% of vivianite can be recovered in three passes
	3.3 Recirculation increased the vivianite recovery to over 80%
	3.4 The effect of parameters and their interaction is complex and can be optimized by response surface methodology
	3.5 A concentrated phosphorus product was produced by magnetic separation

	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


