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Abstract

A new phosphorus (P) removal and recovery process that integrates an FeCls-dosing,
membrane bioreactor (MBR) and side-stream co-fermentation was developed for wastewater
treatment. The Fe and P species and their transformation mechanisms via aerobic and anaerobic
conditions were investigated with X-ray absorption near edge structure (XANES) spectroscopy.
In the new treatment system, 98.4% of the total P in domestic wastewater was removed and
retained in activated sludge in the MBR. During the subsequent acidogenic co-fermentation
with food waste, P in the MBR sludge was released and eventually recovered as vivianite,

achieving an overall P recovery efficiency of 61.9% from wastewater. The main pathways for
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P removal and recovery with iron (Fe) dosing and acidogenic fermentation were determined
by XANES analysis. The results showed that Fe-enhanced P removal with the MBR was
mainly achieved by precipitation as ferric phosphate (24.2%) and adsorption onto hydrous iron
oxides (60.3%). During anaerobic fermentation, transition from Fe(III)-P to Fe(II)-P complex
occurred in the sludge, leading to Fe(Il) dissolution and P release. The pH decrease and
microbial Fe reduction were crucial conditions for effective P extraction from the MBR sludge.
The efficiency of P recovery increased with an increase in the fermentation time and organic

load and a decrease of pH in the solution.
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1. Introduction

Membrane bioreactor (MBR) technology has increasingly been used for biological
wastewater treatment and reuse, owing to advantages such as a small footprint, high organic
loading rate, and excellent effluent quality. However, the typical MBR process performs poorly

in phosphorus (P) removal. Phosphorus is one of the principal nutrient elements in water bodies
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and is responsible for eutrophication and related surface water quality problems. To remove
phosphorus from wastewater, MBRs may be used in combination with the chemical
phosphorus removal (CPR) process.">? CPR has been widely applied in wastewater treatment
for effective and stable P removal. In this process, metal salts are dosed into wastewater to
form P-incorporated solids, and ferric chloride (FeCls) is the most common chemical used for
CPR.’ Iron dosing into the MBR influent could lower the total phosphorus (TP) concentration
in the effluent to below 0.5 mg/L."?

Phosphorus is also a valuable and non-substitutable resource for agricultural production.
The rapid depletion of natural P reserves will greatly threaten global food security.* It is thus
urgent to recover and recycle P from all possible sources, including wastewater and sludge.
The German cabinet recently passed a sewage sludge ordinance that requires all large
wastewater treatment plants in Germany to recover P from sewage sludge.’ Existing P removal
and recovery processes adopt either biological or chemical approaches. Phosphorous removal
from wastewater can be achieved by the enhanced biological P removal (EBPR) process.
However, EBPR heavily relies on the proliferation of polyphosphate-accumulating organisms
(PAOs) which is difficult to achieve and maintain in full scale applications.’ In comparison,
chemical precipitation is more effective and reliable for enhanced P removal from wastewater.
Upon sufficient P removal and adequate concentration into the sludge, anaerobic digestion can
be applied to hydrolyzed various forms of phosphorous into orthophosphate for possible P
recovery.® However, the fraction of P release into the liquid phase of the sludge is rather limited
during the sludge digestion. The most common method to recover P from waste sludge or
sludge ash is chemical acidification extraction, such as the Stuttgart process’ and RecoPhos?®.
However, this method uses a large amount of strong acids, which not only increases the
operating difficulty and cost, but also gives rise to a serious problem of secondary pollution.’

These drawbacks have considerably hindered the practical application of P recovery from
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wastewater and sludge.

In a recent study, we developed an integrated chemical-biological process for P removal
and recovery during municipal wastewater treatment processes.'” ! The new treatment system
consisted of an Fe-dosing CPR together with an aerobic MBR for enhanced P removal and
side-stream acidogenic sludge fermentation for P recovery from the P-rich MBR sludge. The
process was designed to make use of the transformation from ferric iron (Fe(Ill)) to ferrous
iron (Fe(Il)) under an anaerobic condition, in addition to the substantially different solubility
between the Fe(Il)-based and Fe(II)-based chemical compounds, to extract P from the sludge
for recovery. Compared with chemical acidification extraction, the biological sludge
acidogenesis method for P extraction from Fe-loaded sludge is not only more environmentally
friendly but also preserves the activity of the biomass sludge.

However, the presence of Fe is usually considered as a negative factor when evaluating P
recovery options.'? It was actually found from the previous tests that P release from the sludge
could not be fully achieved, which would affect the overall P recovery efficiency.!! The
transformations of the Fe and P species throughout the aerobic and anaerobic phases of the
systems are complicated. For Fe-enhanced CPR, ferric iron and phosphate in the sludge mixture
can react to the precipitation of ferric phosphate (FePOs). In addition, Fe(Ill) may also form
hydrous iron oxide (HFO) precipitates, such as ferrihydrite (Fe(OH)3) and goethite (a-FeOOH),
onto which phosphate is adsorbed.'® Theoretically, one mole of ferric iron can precipitate one
mole of phosphorus to form FePOs. In reality, the optimal Fe/P molar ratio is usually higher
than the FePO4 stoichiometry, due to the hydrolysis of iron.'* Hauduc and co-workers'
suggested that P adsorption onto HFO 1is the more dominant reaction for CPR. Moreover, the
Fe and P speciation in the aecrobic MBR with a long sludge retention time (SRT) can be more
complex than that of the simple CPR, considering the long duration for chemical transitions.

Information is particularly scarce about the transformation of iron and phosphorus species in
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the sludge in dynamic aerobic and anaerobic reactors of the systems, and the main pathways
and mechanisms of P removal and recovery during the chemical-biological treatment process
requires further clarification.

The traditional speciation analysis of Fe and P compounds in a solid sample was mainly
achieved by chemical extraction techniques.'® !’ These methods can only provide rough
information and unrefined results due to species variations during the multi-step chemical
treatment of the sample. X-ray absorption spectroscopy (XAS) is a powerful technology for
determination of chemical speciation and relative species fractions in a complicated mixture.
XAS has been extensively used to characterize or identify the structural details of trace
elements in environmental samples'® and to quantify mineral composition in sludge.'” In this
study, the objective was to investigate the quantitative P and Fe speciation in aerobic MBR and
anaerobic fermenters using X-ray absorption near edge structure (XANES) spectroscopy at
both Fe and P K-edges. The Fe and P species and their relative abundances were determined at
different stages of wastewater treatment and sludge processing. The findings regarding the
transitions of Fe and P in the sludge under different conditions can provide new insights into
the pathways and controlling factors for effective P removal and recovery in the chemical-

biological wastewater treatment system.

2. Materials and Methods

2.1 Fe-dosing MBR and sludge acidogenesis system for enhanced P removal and
recovery
A new chemical-biological process was developed for efficient P removal and recovery in
municipal wastewater treatment. As shown in Figure 1, the process involved three main steps.
(1) Reliable P removal by the CPR together with an aerobic MBR: FeCls-based chemical

precipitation and flocculation was applied to the wastewater influent before the MBR to form
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Fe(III)-P complex and retain P in the sludge suspension of the MBR. (2) Biological P extraction
from the MBR sludge: effective P release from the sludge was achieved by acidogenic
fermentation in a side-stream. Dissimilatory iron reduction during sludge fermentation led to
iron dissolution, releasing P into the liquid phase of the sludge. Low-cost organic wastes, such
as food wastes, were added for co-fermentation to enhance the production of volatile fatty acids
(VFASs) and hence lower the solution pH.?° Unlike chemical acidification of the sludge for P
recovery, biological acidogenesis lowered the sludge pH to dissolve P without deactivating the
biomass. Thus, the settled sludge was returned to the aerobic MBR to retain its long sludge
retention time (SRT) for wastewater treatment. (3) Phosphorus recovery: with simple pH
neutralization, P was readily recovered by re-precipitation from the supernatant of the

fermented sludge.

2.2 Experimental details

The experimental system with an aerobic MBR and anaerobic fermenters was
continuously operated to treat raw domestic sewage collected from a local treatment plant
(Stanley Sewage Treatment Works, Hong Kong). A summary of the major configurational and
operational parameters of the experimental system is given in Table S1 of Supporting
Information (SI). The wastewater was pre-flocculated by FeCl3 (20 mg-Fe/L) without
sedimentation before pumping into the MBR tank. A flat-plate ceramic membrane module with
an effective surface area of 0.0384 m? and an average pore size of 100 nm (Meidensha
Corporation, Japan) was submerged in the tank to form the MBR with a working volume of 8
L. The MBR was filled with activated sludge that had a suspended solids (SS) concentration
of around 4.2 g/L.. Aeration was supplied from the bottom of the MBR to keep the dissolved
oxygen (DO) concentration greater than 4 mg/L. A suction pump (Master FLEX, Cole-Parmer)

was used to withdraw effluent from the MBR following an intermittent filtration mode with 5
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h 55 min filtration and 5 min backwash in each operating cycle (4 cycles/d). The MBR had a
filtration flux of 17.4 L/h-m? (LHM), a backwashing flux of 46.9 LHM, and an overall
hydraulic retention time (HRT) of 12 h. The trans-membrane pressure (TMP) was monitored
during the MBR operation.

The activated sludge suspension from the aerobic MBR was recirculated at a
predetermined rate through the anaerobic reactors, or fermenters, in side-stream for P
extraction and recovery. Cooked rice, as a model starch-rich food waste, was also added into
the fermenters to enhance the sludge acidogenesis and P release. Three fermenters with a
working volume of 1.76 L each were used to receive the sludge from the MBR on alternative
days. Each day, 1.6 L MBR sludge suspension, 160 mL of the residual seed sludge together
with the cooked rice slurry (organic loading rate of 2 g chemical oxygen demand (COD)/L)
was fed into one fermenter. After 72 h of fermentation with magnetic stirring at room
temperature, 1.6 L of the sludge suspension was withdrawn, and the remaining 160 mL of
sludge was reserved as the seed in the fermenter for the next batch of fermentation. The 1.6 L
of fermented sludge mixture was allowed to settle for 30 min; 1 L of supernatant was then
collected for P recovery. Of the settled sludge, 500 mL was returned to the aecrobic MBR and
100 mL was discarded as waste sludge, resulting in an SRT of about 30 d for the aerobic MBR.

To recover P from the supernatant, the solution pH was adjusted to 8.0 by adding 2-M
NaOH, followed by stirring for 30 min. Under such conditions, orthophosphate in the
supernatant precipitated with ferrous iron to form iron phosphate complex. The mixture was
then centrifuged for 1 min for solid-liquid separation. The precipitates that contained P were

dried and analyzed for P species and the overall P recovery efficiency.

2.3 Preparation and storage of the sludge samples for XANES analysis

The activated sludge was sampled from the aerobic MBR tank after 90-day’s stable
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operation. The sludge was withdrawn from the MBR and fed into five anaerobic fermenters for
batch fermentation. To investigate the effects of various factors (i.e., organic addition, pH, and
fermentation time) on the transition of Fe and P throughout the fermentation process, the
fermenters were operated under different conditions and sludge samples were collected after
different periods, as summarized in Table 1. Reactor I was operated with the organic (food
waste) loading but without pH control, and the anaerobic sludge samples were collected at
different fermentation times from 0 to 72 h. Reactors II to V were operated with the organic
loading and pH control at 3, 4, 5 and 6, and the anaerobic sludge samples were collected at the
end of fermentation of 72 h. Reactor VI was the control reactor without food waste addition
and pH control. The sludge samples were centrifuged at 6000 rpm for 15 min, and the
dewatered solids were stored at -20°C for 4 h and then freeze-dried for 24 h. The sludge powder

samples were placed in glass tubes filled with N» and stored at -20°C before XANES analysis.

2.4 X-ray absorption near edge structure spectroscopy for P and Fe speciation

P and Fe speciation in the different sludge samples was measured by an XAS on beamline
16A1 at the National Synchrotron Radiation Research Center (NSRRC), Taiwan. The sludge
powder samples were pressed into pellets 5 mm in diameter and 1 to 2 mm in thickness, which
were immediately posted on Kapton tape before measurement. The P and Fe speciation was
determined by P K-edge (2145.5 eV) and Fe K-edge (7112.0 eV), respectively using a Si(111)
double-crystal monochromator. The X-ray energy was calibrated by measuring the Li-edge of
Nb foil for P with E¢ at 2153.4 eV and Fe metal foil for Fe with Eo at 7124.6 eV. The
measurement was performed in fluorescence mode using an ionization chamber filled with
helium gas (for Ip) and a Lytle detector filled with nitrogen gas (for Ir) under the ambient
temperature and pressure.

Representative iron and phosphorus reference compounds that might exist in the aerobic
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and anaerobic sludge were either obtained from chemical supplier (Sigma-Aldrich), or
synthesized according to the reference cited. Several compounds were considered in this study
for possible P and Fe species, including 2-line ferrihydrite (Fe(OH);)*!, goethite (a-FeOOH)?',
akaganeite (B-FeOOH)’!, lepidocrocite (y-FeOOH)?*’, magnetite (Fe;O4), amorphous ferric
phosphate (FePO.)?, strengite (FePOs-2H,0), vivianite (Fe3(POa4)2-8H20)**, phosphate
adsorbed on hydrous ferric oxides (HFO)*, phytic acid sodium salt hydrate
(CeH18024P6-xNa"-yH,0), hydroxyapatite (Cas(OH)(PO4)3), newberyite (MgHPO4-3H,0),
NaxHPO4-12H,0 and melanterite (FeSO4-7H>0).

All collected spectra were processed with the Athena program.’® The spectra of the ten
sludge samples were analyzed by principal component analysis (PCA)*’ using the SIXPACK
code’® to determine the maximum number of components required to reproduce the XAS
spectra. Based on the PCA results, target transformation (TT) was further performed in order
to select appropriate reference compounds that are most likely present in the samples.'” %’

Based on the PCA/TT results, linear combination fitting (LCF) analysis in Athena was applied

to the XAS data to identify and quantify the species composition of the sludge samples.

2.5 Analytical methods

All samples were analyzed in triplicate, and the results reported are the mean values of the
measurements. The concentrations of COD, total nitrogen (TN), soluble orthophosphate (SP),
TP, soluble ferrous iron (SFe(Il)), total iron (TFe), SS, and volatile suspended solids (VSS)
were determined according to Standard Methods.’ For determination of soluble chemical
concentrations in a mixture, the samples were filtered through a 0.45-um syringe PVDF
membrane (Millipore) before the measurement. A pH meter (Starter 2100, OHAUS) was used
to measure the solution pH. The DO concentration was measured with a digital DO meter (HI

2030, HANNA), and the oxidation-reduction potential (ORP) was detected with an ORP-meter

10
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(HI1 98201, HANNA).

VFAs, including acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid,
isovaleric acid, isocaproic acid, caproic acid, and hexanoic acid, were quantified by gas
chromatography (GC, Agilent 6890) equipped with a capillary column (Agilent 19095F-123)
and a flame ionization detector (FID), following the procedure previously described.'!

The fraction of Fe contents in the sludge samples was determined following the method
described by Wang and Waite®!, including the total Fe(II) and Fe(III), and soluble Fe(II) and
Fe(III). Accordingly, the fractions of insoluble Fe(II) and Fe(III) in the samples were calculated.

The X-ray powder diffraction (XRD) patterns of the sludge samples were obtained using a
D8 advanced diffractometer (Bruker AXS, Karlsruhe, Germany) with a Cu Ka X-ray tube and
a Lynxeye detector. XRD was used to identify the main crystalline compounds in the samples.
The sludge samples were freeze-dried overnight and ground into powder before measurement.
The analysis of the XRD data was performed using TOPAS 4.2 software (Bruker AXS GmbH,

Germany).

3. Results

3.1 Premoval and recovery from wastewater
3.1.1 P removal by the MBR with iron dosing

During the experimental study, the influent TP concentration was around 5.4 mg/L. For
the Fe(III) dosing of 20 mg-Fe/L, the molar Fe/P ratio in the influent was about 2.04. The FeCls
addition helped achieve a final TP concentration below 0.1 mg/L in the effluent for 63.9% of
the period and below 0.25 mg/L for 94.4% of the period. The average TP concentration in the
effluent was about 0.1 mg/L. More than 98% of TP in the wastewater influent was retained as

Fe(III)-P complex with the sludge suspension in the MBR tank.

11
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3.1.2 P recovery from the MBR sludge by acidogenic co-fermentation

During stable operation of the system, the TP concentration in the MBR sludge was around
110.0 mg/L. After 3 d of fermentation in the fermenters, around 48.9% of TP was released
from the sludge as orthophosphate into the liquid phase. The average PO4*-P concentration in
the supernatant was about 53.8 mg/L. The P in the supernatant of the fermented sludge was
then recovered by pH adjustment and reprecipitation. The XRD analysis (Figure S1) revealed
that vivianite was the main product in the recovered precipitates. With continuous sludge
recirculation and co-fermentation through the side stream, the overall efficiency of P recovery
from the wastewater influent reached an average of 61.9%.

The typical performance of the acidogenic sludge fermentation, including the changes of
pH and major chemical concentrations within three days, is shown in Figure S2. The food waste
(2 g-COD/L) was hydrolyzed and converted into VFAs. With acidogenesis, the VFA
concentration increased from 231 to 1786 mg-COD/L, leading to a decrease in pH from 5.8 to
4.6. Under the low pH (<5.0) condition with the VFA accumulation, methane and biogas
production was insignificant. In fact, very little biogas production was recorded (less than 10
mL/g-SS) during the 3-d acidogenic sludge fermentation. Meanwhile, ferric iron in the sludge
was reduced to ferrous iron by microbial iron reduction. The total Fe(II) content increased from
4.9 to 423.8 mg/L, which accounted for 69.6% of the total iron in the sludge. Under the acidic
condition, most of the ferrous iron was dissolved, releasing P, mostly orthophosphate, into the

supernatant.

3.2 P speciation in the aerobic MBR and anaerobic fermenters
Many possible phosphorus species exist in the Fe-dosing MBR and sludge fermentation
system, owing to complex reactions under both aerobic and anaerobic conditions. Wu et al."”

suggested that the main P species in Fe-dosing MBR might include ferric phosphate, ferrous

12
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phosphate, phosphate adsorbed on HFO, and organic phosphorus, mainly existing as poly-
phosphate. Some of those chemicals would transform to mineral phases via crystallization,
such as strengite and vivianite. According to the XRD analysis (Figure S1), vivianite was the
main crystalline species found in the AnS (pH 6) and control sludge samples.

The acquired P K-edge XANES spectra of the reference materials are given in Figure S3.
Ferric phosphate (both amorphous and crystalline) and adsorbed-P had one pre-edge peak
around 2150 eV, which is attributable to the hybridization of Fe-3d, O-2p and P-3p orbitals.*
In the post-edge region, most of the reference compounds had one peak, while vivianite has
three peaks. For most of the sludge samples, the pre-edge peaks were observed, suggesting
ferric phosphate and/or adsorbed-P in the sludge. The spectra of AnS(pH6) and control showed
three peaks in the post-edge region, indicating the presence of vivianite, which is consistent
with the XRD result. The P K-edge XANES spectra of amorphous FePOs4 and strengite
(crystalline phase) were similar. However, crystalline FePO4 was not detected by the XRD in
the sludge samples. Hence, the main FePOs species was apparently amorphous.

To identify the possible P species present in the sludge samples, PCA/TT and LCF were
performed on P K-edge X ANES spectra. The PCA results on the ten sludge samples (Table S2)
suggest four principal components with a minimum indicator (IND) value of 0.0064 and a
cumulative variance value of 98.9%. In other words, four principal components may exist in
the sludge samples. Usually, the reference with a SPOIL value below 3 is considered to be
reasonably acceptable and the value between 3 and 6 is moderately acceptable.’® Based on the
TT results (Table S3), amorphous FePOs, vivianite, strengite, P-Adsorbed HFO, and phytic
acid were reasonably acceptable compounds selected for the LCF analysis. Based on the PCA
results, the combination of maximum four references was applied for LCF fitting using the
function of “Fit all combination”, and the optimal fitting results were selected with the lowest

R-factor value.
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291 The results of the XANES LCF analysis of P speciation are given in Table S4 and Figure
292 2a. In aerobic activated sludge from the MBR, the main P species were amorphous ferric
293  phosphate (24.3%), adsorbed-P (60.5%), and organic-P (15.2%). During anaerobic
294  fermentation, the P speciation and transformation were more complicated. The P speciation in
295  the sludge mixture was determined by combining the solid P fraction data from the XANES
296  LCF analysis and the soluble orthophosphate concentration in the supernatant (Figure 3).

297 Figure 3a presents the change of P species after co-fermentation. After 3 d of acidogenic
298  fermentation, the fraction of ferric phosphate significantly decreased from 23.8% to 0%, and
299  the fraction of adsorbed-P decreased from 59.4% to 37.9%. In contrast, the soluble
300  orthophosphate fraction increased from 0.4% to 49.4%, whereas vivianite was barely found in
301  the fermented sludge without pH control. Figure 3b shows the variation of P species in the
302  fermenters under the different pH conditions. When the pH was controlled at 6, phosphorus
303  was mainly present in the solid phase, including vivianite (39.7%), adsorbed-P (46.5%), and
304  organic-P (7.6%). With a decreasing pH, the solid phase P species greatly decreased. When the
305  pH decreased to 3, the soluble orthophosphate became the main P species, increasing from 6.2%
306 to 87.4%. Figure 3¢ compares the P species in the fermenters under different organic loading
307  conditions. Without the addition of food waste, soluble orthophosphate was barely observed
308  and the main P species were adsorbed-P (57.0%), ferric phosphate (12.1%), vivianite (14.6%),
309  and organic-P (15.3%). Compared to the activated sludge from the MBR, the fraction of
310  adsorbed-P was not significantly decreased and the content of ferric phosphate was not greatly
311  decreased. With food waste for co-fermentation, 49.4% of P was released from the solid phase
312 into the solution. The residual P in the solid phase of the sludge was mainly present as adsorbed-
313 P (37.9%) and organic-P (10.1%), whereas ferric phosphate and vivianite were barely observed.

314
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3.3 Fe speciation in the aerobic MBR and anaerobic fermenters

Iron speciation throughout the system was more complex than that of phosphorus, due to
the different valence states of ferric and ferrous iron. The solid phase of Fe(IIl) in activated
sludge usually exists in the forms of iron (oxide-)hydroxides (ferrihydrite, goethite, akaganeite,
and lepidocrocite) and strengite, and Fe(II) in the solid phase after dissimilatory iron reduction
may exist as siderite, magnetite, vivianite, and ferrous hydroxides.** The acquired Fe K-edge
XANES spectra for the various references are given in Figure S4. The absorption edge of the
XANES spectra is sensitive to the oxidation state of iron in solid phase. It can be observed that
the first peak position of the representative Fe(Il) reference in the adsorption edge region is
around 2125 eV, which is rather different from the peak of the Fe(Ill) reference material at
around 2031 eV. The spectra of AnS(pH6) also have a peak around 2125 eV, which indicates
that Fe(II) species, instead of Fe(IlI), were mainly present in the fermented sludge at pH 6.

PCA/TT and LCF were also performed on Fe K-edge XANES spectra to identify possible
Fe species in the sludge samples. The PCA results of the ten sludge samples (Table S5) suggest
four principal components with a minimum IND value of 0.00101 and a cumulative variance
value of 99.8%. According to the TT results (Table S6), eight possible reference compounds

can be further employed for the LCF analysis* *

, including three reasonably acceptable
references with SPOIL values below 3 (amorphous FePOg, ferrihydrite, and melanterite), and
five moderately acceptable references with SPOIL values between 3 and 6 (vivianite, magnetite,
lepidocrocite, siderite, and goethite). Based on the PCA results, the combination of maximum
four references was applied for the LCF fitting. The results with the lowest R-factor value were
selected as the optimal fitting results.

The XANES LCF analysis results of iron speciation are presented in Table S7 and Figure

2b. The species showing no presence during the fitting procedure, including melanterite,

magnetite, lepidocrocite, and siderite, are not reported in the results. During fermentation,
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ferrous hydroxide remained stable in the anaerobic sludge due to the low ORP (<100 mV)
condition.*® However, ferrous hydroxide can be easily oxidized in aerobic conditions.>” When
the sludge powder samples were prepared before the XANES analysis, Fe(Il) hydroxide had
already been transformed to Fe(III) hydroxide.'” Thus, it was assumed in this study that the
fraction of ferrihydrite detected in sludge was the sum of Fe(Il) hydroxide and Fe(II)
hydroxide. The iron speciation in the sludge was obtained by combining the solid-phase Fe
fraction data from the XANES LCF analysis and the soluble ferrous iron content in the
supernatant (Figure 4).

In the activated sludge of the Fe-dosing MBR, most of the iron was present as Fe(IIl),
including species of ferrihydrite (52.4%), goethite (28.7%), and amorphous ferric phosphate
(18.1%). During the sludge fermentation, Fe(Ill) was reduced and transformed to different
species. Figure 4a shows that, after 3 d of fermentation, the fraction of Fe(Ill) hydroxide
decreased significantly from 59.0% to 16.5% and that ferric phosphate completely decreased
from 18.4% to 0%. In contrast, soluble ferrous iron greatly increased from 0% to 57.2% in the
sludge mixture, whereas no decrease of goethite was observed. Figure 4b shows the variation
of Fe species in the fermenters under the different pH conditions. At pH 6, the iron species was
present mainly in the solid phase, including vivianite (54.7%), goethite (10.6%), Fe(III)
hydroxide (11.8%), and Fe(II) hydroxide (6.3%). With a decrease in pH, the iron species was
changed to soluble forms. When the pH was lowered to 5, vivianite was largely dissolved (from
54.7% to 1.5%). When the pH was further decreased to 3, soluble ferrous iron became the
dominant species (77.9%), the remainder being goethite (7.2%) and Fe(IIl) hydroxide (14.8%).
Figure 4c shows that, after co-fermentation with food waste, the Fe(II) fraction increased from
0.8% t0 69.6%, 57.2% of the iron was dissolved as ferrous iron in the supernatant, and no ferric
phosphate was observed. Without the addition of food waste, only 31.2% of the iron was

reduced to ferrous iron, including vivianite (23.6%) and ferrous hydroxide (7.0%), whereas
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soluble iron was barely observed at a pH of 6.3 at the end of fermentation.

4. Discussion

4.1 Fe-enhanced phosphorus removal with MBR

Smith et al.'® proposed the following specific pathways for Fe-enhanced P removal: (i)
adsorption of phosphates onto ferrihydrite, (ii) co-precipitation of phosphate species into the
ferrihydrite structure, (iii) precipitation of ferric phosphate, and (iv) precipitation of mixed
cation phosphates. In the present Fe-dosing MBR, more than 98% of TP was removed from
the wastewater influent. According to the XANES LCF analysis, adsorbed-P formed by
pathways (1) and (i1) accounted for 60.3% of TP in the sludge mixture, and ferric phosphate
from pathway (iii) accounted for 24.2%. Pathway (iv) was nearly negligible owing to the high
dosage of iron. The remaining P removal could be attributed to microbial assimilation for
biomass growth.*® A higher fraction of P removal could apparently be attributed to the
adsorbed-P than FePOs precipitation in the Fe-dosing MBR. When FeClz was added into
wastewater, it hydrolyzed and precipitated rapidly with hydroxyl ions or phosphate ions. A
solubility analysis of Fe(OH)3 and FePOs in a simulated aqueous system is given in Figure S5
based on the possible reactions summarized in Table S8. Below pH 5, FePO4 has the lowest
relative solubility. Above pH 5, Fe(OH); becomes more stable than FePO4 and controls the
solubility of Fe(Ill) compounds. The alkalinity of wastewater (>100 mg-CaCOs/L) was
sufficient to maintain the solution pH above 6 during the FeCls dosing and flocculation. As a
result, following the FeCls; addition into the wastewater influent, Fe(OH); was the dominant
iron species in the MBR sludge mixture, and adsorption by ferrihydrite was the main pathway
of P removal.

Hauduc et al.'” further suggested that the precipitation of ferrihydrite goes through three

stages: (1) fresh HFO is formed initially with a very open structure and a high surface area, (ii)
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polymerized HFO aggregates into a compact structure with less accessible binding sites, and
(i11) crystallized HFO, such as goethite, is formed after a long retention time. This aging and
compaction process leads to a reduction of HFO adsorption capacity.’’ Smith et al.' reported
a reduction of the specific HFO surface area during the aging process from 5500 m?/g in fresh
HFO to 600 m?/g in polymerized HFO. In the Fe-dosing MBR system, stage 1 took place in
the coagulation tank with rapid stirring, where phosphate was easily adsorbed by the sites of
oxygen atoms on the fresh HFO surface. This stage accounts for most of the P removal achieved
by the MBR. However, it was observed that 28.7% of the iron existed as goethite in the
activated sludge, which evidenced the transformation of ferrihydrite to goethite in the MBR
with a 30-d SRT. The formation of crystallized HFO could be a limiting factor for the extraction
of P from the sludge by biological means during fermentation. The P adsorption activity of
HFO is significantly affected by the pH, HFO age, and competing anions. In this study, the
apparent P adsorption capacity of HFO was around 0.25 g-P/g-Fe. Mao and co-workers”
reported an maximum adsorption capacity of phosphate onto fresh HFO at around 0.19 g-P/g-
Fe at pH 6, which is close to the experimental value in this study.

Wu et al.'” reported a similar trend in the formation and speciation of Fe-based precipitates
(ferrihydrite and ferric phosphate) in Fe-dosing MBR system. Minor differences, however,
existed between the study of Wu et al. and the present results, which laid mainly in the fractions

1."” dosed FeCls at the anoxic tank. In

and formation of lepidocrocite and goethite. Wu et a
contrast, FeCls was quickly mixed with wastewater into the aerobic MBR in the present study.
The reaction conditions in the anoxic and aerobic reactors are very different that would
certainly affect the Fe species profile. For example, the formation of lepidocrocite requires
partial oxidation of Fe(II) to Fe(III), which can happen with the iron respiration in the anoxic

reactor under a low ORP condition, while aeration in the aerobic MBR would increase the

formation of goethite. The XANES-based comparison suggests the impact of Fe-dosing mode

18



415

416

417

418

419
420

421

422

423

424

425

426

427

428

429

430

431
432

433

434

435

436

437

438

439

440

on the Fe species formation during the CPR process, which can be utilized to improve the P

removal and recovery performance in treatment system.

4.2 P extraction and release from sludge during acidogenic fermentation

4.2.1 Acidogenic fermentation

A typical anaerobic digestion process includes hydrolysis, acidogenesis, and
methanogenesis. Acidogenic fermentation limits the digestion process to the first two steps by
inhibiting methanogenesis under an acidic condition (pH<5).*’ Food waste was shown to be a
desirable carbon source for acidogenesis because of its high biodegradability.’ Most of the
organics (around 90%) in food waste could be fermented in 3 d due to the efficient hydrolysis
of the starch content. During co-fermentation, soluble organics acted as electron donors for
iron reduction.*” Besides, a large amount of VFAs (1786 mg-COD/L) was produced through
acidogenesis, which decreased the solution pH to 4.85 and hence enhanced the dissolution of
Fe(II)-compounds. Overall, acidogenic co-fermentation in the side-stream was essential to P
extraction from the MBR sludge via microbial iron reduction and the dissolution of Fe-P
complex.

4.2.2 Microbial iron reduction

When Fe(III)-P complex in activated sludge was fed into the fermenters, microbial iron
reduction took place rapidly under the anaerobic condition. Without the addition of food waste
(control sludge), 31.7% of the total iron was transformed into Fe(II), including 23.6% vivianite
and 7% ferrous hydroxide, which suggests that ferrihydrite and ferric phosphate could act as
electron acceptors in metabolic activities.’® However, the total Fe(IIl) concentration in sludge
was apparently too high to be substantially reduced by metabolic activities alone. With the
addition of food waste for co-fermentation, sufficient electron donors were provided by VFA
production to greatly improve the iron reduction ratio to 69.7%.

The fraction of Fe(III) species, including 100% of ferric phosphate, 72.1% of ferrihydrite,
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and 35.9% of goethite, decreased with the ferric iron reduction. The reduction of ferric
phosphate and ferrihydrite was apparently more efficient than that of goethite. The
dissimilatory iron reduction kinetics was expected to be influenced by crystallinity, particle
size, specific surface area, and solubility. Munch and Ottow*’ suggested that ferric compounds
present in the amorphous phase, such as amorphous ferric phosphate and ferrihydrite, would
be reduced preferentially over those in the crystalline phase, such as goethite. Even among the
crystalline ferric phases, the reactivity of goethite towards microbial iron reduction is lower
than lepidocrocite and hematite. Theoretically, reduction of goethite requires a much lower
redox potential (-0.274 V) than ferrihydrite (0.014 V), whereas the redox potential in the
fermenters was between -0.1 to -0.15 V. Therefore, goethite was poorly processed by the
fermenters, which would affect the Fe dissolution and P release from the sludge.

4.2.3 Solubility of the Fe-P complex

After the microbial iron reduction, Fe-P complex in the fermented sludge consisted of
ferric phosphate, ferrous phosphate, and phosphate adsorbed on ferrihydrite, ferrous hydroxide,
and goethite. The dissolution of these Fe-P compounds was crucial for P extraction and release
from the sludge. The experiment results showed an increasing trend of dissolution of the Fe-P
complex when the pH decreased (Figure 3b and Figure 4b). Accordingly, phosphorus that was
bound to iron or adsorbed on HFO was released as soluble orthophosphate into the supernatant.
For instance, at pH 3, 87.4% of P could be released from the sludge with 77.9% of Fe dissolved.

To compare the solubility of different Fe-P species, the main equilibrium reactions
involving the above chemicals under the anaerobic reactors are summarized in Table S8. Based
on these reactions, the solubility of ferric phosphate, ferrous phosphate, ferrihydrite, ferrous
hydroxide, and goethite as a function of the solution pH are presented in Figure S6. The results
show that at a pH below 4, the solubility is in the sequence FePO4 < a-FeOOH < Fe(OH)3 <

Fe3(PO4)2 < Fe(OH),. Ferrous phosphate and ferrous hydroxide are much more soluble than
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ferric phosphate, ferrihydrite, and goethite, which is consistent with the XANES findings. As
described in Section 4.2.2, ferric phosphate was efficiently reduced to ferrous phosphate by
fermentation, whereas reduction of HFO, especially goethite, could not be fully achieved. Due
to the low solubility of HFO, P adsorbed onto HFO was still retained in the solid phase of the
sludge. Therefore, the presence of residual ferrihydrite and especially goethite in the fermented
sludge appeared to be the limiting factor for the release of P from the solid phase of the sludge.
The means by which to reduce the fraction of the low-reactive HFO in the sludge for more
complete microbial iron reduction remains an issue for further investigation. Using low SRT
activated sludge or primary sludge with fresh Fe-P compounds maybe an effective way to
improve the overall iron reduction ratio.

The solubility analysis also suggests that, by using the chemical acidification methods for
P recovery, such as the Stuttgart process’ and RecoPhos®, it would require a large amount of
strong acids (around 0.5 g-H2SO4/g-SS**) to adjust the pH to 2 or lower to achieve a P
extraction results comparable to that of anaerobic sludge acidogenesis. The use of strong acids
is costly and dangerous. Many impurities, such as Al, Ca, Mg, and heavy metals, would be
dissolved from the sludge into the supernatant at the very low pH, which will affect the quality
of the recovered P-precipitates.” Moreover, the sludge after the strong chemical acidification
would not only be deactivated but also cause serious secondary pollution problems. Unlike
chemical acidification, acidogenic co-fermentation is able to release P from the sludge without
the use of strong acids. In this study, only 0.47 g/g-SS of food waste was added to achieve
around 62% P extraction from the sludge. More importantly, after acidogenic fermentation, the
sludge was not destroyed and can be readily returned to the MBR to maintain a long SRT for
biological wastewater treatment. The acidogenic co-fermentation method using low-cost food
waste is shown as a simple and environmentally-friendly solution for effective P recovery from

wastewater and sludge.
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4.3 Environmental implications

The major pathways for P removal and recovery via Fe-dosing MBR and side-stream
acidogenic fermentation are summarized in Figure 5. In the aerobic MBR, phosphorus in
wastewater was removed by precipitation into ferric phosphate and by adsorption onto
ferrihydrite. For a long SRT in the MBR, a certain portion of ferrihydrite was transformed into
goethite. In the anaerobic fermenter for P release, waste organics were converted into VFAs
via hydrolysis and acidogenesis to lower the solution pH. Meanwhile, organics acted as
electron donors to induce microbial iron reduction. As observed in this study, ferric phosphate
and ferric (oxy-)hydroxide were reduced to ferrous phosphate and ferrous hydroxide,
respectively. At a lower pH, ferrous compounds dissolved, releasing soluble ferrous iron and
orthophosphate into the supernatant. In summary, pH decrease and microbial iron reduction
are the two critical conditions that control the dissolution of Fe-P complex and the resulting P
release for recovery. Both conditions can be effectively enhanced with the addition of food
waste for sludge fermentation. Eventually, with a simple pH adjustment to 8, orthophosphate
and ferrous iron in the supernatant readily reprecipitated to form solid precipitates, consisting

mainly of vivianite, for recovery as a raw material for P-fertilizers.
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Figure captions

Figure 1. Schematics of the chemical-biological wastewater treatment system for
enhanced P removal and recovery, including Fe-dosing, aerobic MBR, and side-stream sludge
co-fermentation.

Figure 2. (a) P and (b) Fe K-edge XANES analysis of the sludge samples, with symbols
representing the XANES spectrum data and lines from the linear combination fitting.

Figure 3. P speciation characterized by the chemical measurements and XANES analysis
on the sludge samples as a function of the (a) fermentation period, (b) pH, and (c) organic
loading. Soluble P (SP) was determined by the ascorbic acid reduction method.*

Figure 4. Fe speciation characterized by the chemical measurements and XANES analysis
on the sludge samples as a function of the (a) fermentation period, (b) pH, and (c) organic
loading. Soluble Fe(II) (SFe(II)) was determined by the phenanthroline method.*

Figure 5. Major reactions and transformations involved in P removal and recovery

throughout the various stages of the wastewater treatment and P recovery system.
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Table 1. Sludge samples obtained from the different batch fermentation conditions for the

XANES analysis.

No. Reactor Fermentation time Organic loading (g-
Sample pH
(h) COD/L)
1 I No
AnS(TO0) 0 2
control
2 I No
AnS(T24) 24 2
control
3 I No
AnS(T48) 48 2
control
4 I No
AnS(T72) 72 2
control
5 II AnS(pH3) 72 3 2
6 11 AnS(pH4) 72 4 2
7 v AnS(pHS5) 72 5 2
8 A% AnS(pHo6) 72 6 2
9 VI No
Control 72 0
control
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Figure 1. Schematics of the chemical-biological wastewater treatment system for enhanced P

removal and recovery, including Fe-dosing, aecrobic MBR, and side-stream sludge co-

fermentation.
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Figure 2. (a) P and (b) Fe K-edge XANES analysis of the sludge samples, with symbols

representing the XANES spectrum data and lines from the linear combination fitting.
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Figure 3. P speciation characterized by the chemical measurements and XANES
analysis on the sludge samples as a function of the (a) fermentation period, (b) pH, and (c)

organic loading. Soluble P (SP) was determined by the ascorbic acid reduction method.*
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Figure 4. Fe speciation characterized by the chemical measurements and XANES
analysis on the sludge samples as a function of the (a) fermentation period, (b) pH, and (c)

organic loading. Soluble Fe(II) (SFe(Il)) was determined by the phenanthroline method.*’
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Figure 5. Major reactions and transformations involved in P removal and recovery

throughout the various stages of the wastewater treatment and P recovery system.
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