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� Inorganic insight into cake layer in
MSWI leachate treatment system was
studied.

� Anaerobically digested leachate with
MAP pretreatment caused thicker
cake layer.

� Residual Si and Al predominated the
inorganic components in cake layer.

� Si-Al obviously accumulated at the
end of cake layer due to high suction
pressure.
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Inorganic characteristics of cake layer in an anoxic/oxic membrane bioreactor (A/O MBR) for anaerobi-
cally digested leachate from a municipal solid waste incineration plant with MAP (magnesium ammo-
nium phosphate precipitation) pretreatment was reported. During 90 days of operation, the A/O-MBR
had formed a thick cake layer, causing severe fouling. BCR (European Community Bureau of Reference)
results showed that Fe, Al, Ca, Mg, Si were the dominant inorganic components (especially residual Si
and Al) in the cake layer. X-ray diffraction (XRD) analysis further presented that the cake layer contained
complex inorganic substances with FeSiO3, CaAl2O3, Ca5(PO4)3OH, CaCO3, CaPO3OH, Mg2(PO4)OH, etc.,
while Si-Al crystal was the major inorganic component in the cake layer. Additionally, SEM-EDX showed
a consistent distribution of inorganics along the front cross-section of the cake layer, indicating that the
stable particles and metal ions led to the steady inorganic accumulation onto the membrane surface.
However, it was revealed that high suction pressure aggravated the inorganic particle accumulation,
especially for the Si-Al crystals, at the end of the cake layer.
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1. Introduction

Municipal solid waste (MSW) is a complex castoff consisting of
food waste, building waste, paper, and plastic, that have been dis-
carded by the public [1,2]. It has been reported that approxi-
mately 1.3 billion tons of MSW are generated per year, which is
expected to increase to 2.2 billion tons per year by 2025 [3].
China makes up for around 13% of the world MSW production
due to its rapid urbanization over the past three decades, which
is becoming a major environmental concern for most Chinese
cities [1,4]. Consequently, MSW treatment is a hot topic all over
the world, especially in China. Although landfill is the traditional
and principal MSW treatment technology that predominates over
65% of MSW treatment in China [1], incineration has been applied
gradually and widely in the last decade due to its outstanding
advantages (e.g. MSW reduction in volume, small footprint, etc.)
[5–8]. In addition, large-scale incinerator plants are an attractive
method to reduce the sharp increasing and non-classified
MSW. About 31 million tons of MSW were treated with
109 MSW incineration plants in China (approximately 94,000 tons
MSW/day) [9].

However, because of the high proportion of food wastes (with
45–65% of moisture) in the MSW of China, fresh MSW is needed
to be stored in a waste bunker for a few days to leach the water
for calorific value enhancement, leading to the generation of lea-
chate (also known as ‘‘fresh leachate”) [4,10]. Compared with lea-
chate from landfill, leachate generated in municipal solid waste
incineration (MSWI) plants contains similar toxic pollutants, but
at different levels, including high concentrations of organic
compounds, ammonium content, and inorganic metal ions [4,11].
Additionally, each ton of MSW could produce over 200 L leachate
[3], predicting that 94,000 tons of MSW will cause over
18,800 m3 leachate per day in China. Consequently, leachate from
MSWI is a new environmental threat to the world, especially in
China.

Currently, chemical precipitate, multi-parametric purification,
adsorption techniques, and biological processes are widely applied
for MSWI treatment [12–15]. Purification methods, such as micro-
filtration, ultrafiltration, and reverse osmosis, are common meth-
ods carried out for treating MSWI [16]. Further treatment
methods have also been researched targeting specific or hard to
treat pollutants within MSWI. Xia et al. [17] indicated that Ca2+

in MSWI could be precipitated with CO3
2�, or SO4

2�. Kyriakopoulos
et al. [18,19] reported that porous polymeric had a high adsorption
for toxic pollutants, such as pesticides, which could be applied for
special material removal in MSWI. Finally, it is widely accepted
that biological processes perform well at high-strength organic
loading with low operation costs, thus anaerobic digestion was
considered as an effective and promising way for treating leachate
from MSWI [2,4,15,20,21]. Lei et al. [22] and Ye et al. [14] reported
that an anaerobic digestion reactor of up-flow anaerobic sludge
bed (UASB) could effectively treat the leachate from MSWI. How-
ever, anaerobically digested leachate fromMSWI still contains high
concentrations of NH4

+-N, CODCr, and inorganic ions, and therefore,
is an environmental threat which would require further consider-
ation and treatment to be a viable and commercially used method.

Another area which has been rapidly gaining interest is the
development of novel environmental options where waste can be
utilized as a source of energy and feedstock [23–29]. Wu et al.
[28] and Merino-Jimenez et al. [29] both used microbial fuel cells
to utilize the electron transport during leachate biodegradation
for renewable energy generation. Furthermore, studies have pre-
sented that MSWI leachate is an effective feedstock for methane
production through anaerobic digestion [30–32]. In addition, due
to high concentrations of ammonium and phosphate, MSWI
leachate is widely used to recover MAP (magnesium ammonium
phosphate precipitation), which is an effective fertilizer for grass
and trees [29,33].

Consequently, anaerobically digested leachate from MSWI is a
promising tool to use as a method of MAP production [33] for
the nutrient rich water for grass growth application, with advanced
treatment. In addition, exchangeable fraction and reducible frac-
tion of inorganic elements in MSWI, especially high concentrations
of Ca2+, are recovery-capable for industrial raw material [34]. Parts
of residual inorganic elements (such as struvite) are also consid-
ered to be recovered for industrial application [35]. Our previous
work (Research fund of Tongji University: 20113083; Fig. S1) has
built up a recovery system for MSWI, especially MAP production
and nutrient irrigation for grass growth. The stream of the recovery
system is pushed by gravity flow, and UASB is operated with anaer-
obic digestion to reduce system energy cost and improve methane
production. Air supplement in the anoxic/oxic membrane bioreac-
tor (A/O-MBR) is the major energy consumer in the system, com-
paratively, this recovery system for MSWI has a low-energy cost.
In addition, the recovery system is a temperature-insensitivity pro-
cess, whereby the system can be operated outdoors, despite tem-
perature fluctuations. To ensure stability during operation,
setting-up storage tanks between MAP and A/O-MBR was neces-
sary for flux maintenance. Moreover, extra pumps are also needed
for large-scale system operation to control high volume MSWI flux,
and advanced treatment is also required for improvement in case
of pollutant accumulation in soil. Ensuring that this recovery sys-
tem (Fig. S1) is an effective reuse technology with low-energy cost
and recoverable material production.

However, it was discovered that A/O-MBR had a severe fouling
problem after MAP pretreatment, and the cake layer contained
high concentrations of inorganic components. Furthermore, addi-
tional literatures [10,17,34] revealed that, compared with lea-
chate from landfill, leachate from MSWI contained plenty of
inorganic elements, such as calcium (Ca), silicon (Si), magnesium
(Mg), iron (Fe), aluminum (Al) and sodium (Na). Therefore, inor-
ganic components should potentially effect the fouling behavior,
especially the inorganic structure of the cake layer, this requires
further analysis.

This study aims to develop a fundamental inorganic insight into
the cake layer of A/O-MBR for anaerobically digested leachate from
MSWI after MAP pretreatment. A laboratory A/O-MBR was oper-
ated with anaerobically digested leachate, which was pretreated
with MAP, for over 90 days to characterize the cake layer by vari-
ous methods. The BCR (European Community Bureau of Reference)
sequential extraction, XRD (X-ray diffraction), SEM-EDX (scanning
electron microscopy-energy dispersive X-ray analyzer) were car-
ried out to identify the inorganic structure of the cake layer.

2. Materials and methods

2.1. Set-up and operation

A laboratory-scale A/O-MBR (Fig. 1) with a working volume of
4.5 L (anoxic and oxic zone of 1.5 L and 3.0 L, respectively) was
applied in this study after the MAP pretreatment. A polyvinylidene
fluoride hollow fiber membrane module (total surface 0.02 m2;
pore size 0.04 lm) (Litree Company, China) was installed at the
middle of the oxic zone, while the constant flux was set at
1.5 mL/min with an intermittent suction mode (8 min ON/2 min
OFF). Air was supplied continuously with a diffuser to maintain a
dissolved oxygen (DO) range of 4–6 mg/L in the oxic zone, and a
range of 0.15–0.3 mg/L DO in the anoxic zone. The recycle rate
from the oxic to anoxic zone was kept at 400%. Trans-membrane
pressure (TMP) was detected with a pressure gauge.

The anaerobically digested leachate applied in this study, was
the effluent of UASB for fresh leachate from the MSWI in Changz-



Fig. 1. A schematic of the A/O-MBR with MAP pretreatment used in this study. pH adjustion was applied to maintain MAP reactor in the range of pH 9–10 with NaOH
solution.

Table 1
Reactor performance.

Anaerobically digested leachate Effluent of MAP reactor Effluent of A/O-MBR reactor

NH4
+-N (mg/L) 900–1400 130–240 15–20

TN (mg/L) 1000–1500 190–310 140–270
CODCr (mg/L) 1800–4100 1500–2400 400–600
TOC (mg/L) 240–800 210–770 60–110
TP (mg/L) 2.8–3.7 15–20 9–13
pH 7.8–8.7 7.5–8.4 7.4–8.0

MLSS 6.4 g/L; MLVSS 3.7 g/L; MLVSS/MLSS 57.8%.
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hou (Jiangsu province, China). The leachate was first pretreated
with a MAP reactor, then the effluent of the MAP reactor was
applied as the influent of the anoxic zone of A/O-MBR. Characteris-
tics of leachate and MAP reactor effluent are shown in Table 1. The
inoculating biomass (5.0 g/L mixed liquor suspended solids (MLSS)
and 4.2 g/L mixed liquor volatile suspended solids (MLVSS)) was
withdrawn from the return activated sludge stream in Quyang
WWTP (Shanghai, China). Newly inoculated A/O-MBR was initially
operated with mixed influent of municipal wastewater and MAP
reactor effluent, and then activated sludge was cultured with a
gradual increase of MAP reactor effluent. When the A/O-MBR stea-
dily treated the MAP reactor effluent, the membrane module was
replaced with a new unit and A/O-MBR was operated for over
90 days during the experiments.

The hydraulic retention time (HRT) and solid retention time
(SRT) remained at 50 days and 30 days, respectively. MLSS and
MLVSS remained at 6.4 ± 0.8 g/L 3.7 ± 1.1 g/L during operation.
When the transmembrane pressure (TMP) reached 40 kPa, the
membrane module was removed for physical (washing with tap
water) and chemical cleaning (1% NaOCl and 10% citric acid
immersion for 6 h, respectively) to recover the membrane
permeability.

2.2. Membrane resistance analysis

Membrane resistance, which is a major characteristic for mem-
brane fouling, can be calculated with the following equation [36]:

Rtotal ¼ Rmembrane þ Rpore blocking þ Rcake layer ð1Þ
Rn ¼ DP
lJ

ð2Þ

Rmembrane is the resistance of the clean membrane, Rpore blocking is the
resistance due to pore blocking and Rcake layer is the cake layer resis-
tance. Resistance of concentration polarization was considered as
the part of Rcake layer in this study [37]. Rn is the total,membrane, pore
blocking or cake layer. DP is TMP, J is permeate flux, l is viscosity of
the permeate water. Rtotal is the value summation of Rmembrane,
Rpore blocking and Rcake layer.

2.3. BCR sequential extraction

Due to the complex inorganic components of the cake layer dur-
ing the anaerobically digested leachate treatment, the modified
BCR (the European Community Bureau of Reference) sequential
extraction procedure [36,38,39] was carried out in this study. Inor-
ganic components were classified into four fractions:

(F1) Exchangeable fraction associated with carbonates: metals are
adsorbed on the sludge components and Fe and Mn hydroxides.
This is the most mobile fraction and is potentially toxic for
microorganisms.
(F2) Reducible fraction associated with Fe and Mn oxides: these
oxides strongly bind the heavy metals, but these compounds
are thermodynamically unstable in anoxic and acidic
conditions.
(F3) Organic matter-bound oxidizable fraction: although metals in
the F3 form are generally stable because of the recalcitrance of
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typical humic organic matter, they can become soluble if the
organic matter is biodegraded.
(F4) Residual fraction: F4 is the residual fraction that is generally
considered to be inert, containing metals that are not
extractable.

All freeze-dried cake layer samples of the cake layer and acti-
vated sludge were fractionated based on BCR sequential extraction
as described previously [39,40]. Inorganic elements in each frac-
tion were determined by an inductively coupled plasma-optical
emission spectrometer (ICP-OES; Optima 2100 DV, Perkin Elmer,
USA). Each experiment was conducted in triplicates and the results
reported were the average values.
Fig. 2. TMP variation during reactor operation.
2.4. Other analysis

Determination of chemical oxygen demand (CODCr), ammonia
nitrogen (NH4

+-N), total phosphorus (TP), total nitrogen (TN), MLSS
and MLVSS were conducted in accordance with Standard Methods
[41]. DO and pH were measured with a DO-and-pH meter (HQ4d,
HACH, USA). Cake layer was scraped from the cake layer of the
fouled membrane modules and freeze-dried for 48 h, before being
applied for XRD (Bruker, Optik GmbH, Ettlingen, Germany) analy-
sis. Before SEM (XL30, Philips, Netherlands)-EDX (Oxford Isis, UK)
measurement, a piece of the membrane was cut from the middle
section of the membrane module and frozen in liquid-nitrogen.
Inorganic elements in the influent (anaerobically digested leachate,
which was pretreated with MAP), effluent, sludge and cake layer
were detected with an inductively coupled plasma-optical emis-
sion spectrometer according to the standard methods [41].
Fig. 3. Membrane resistance during operation.
3. Results and discussion

3.1. Performance of reactor and membrane filtration

During the operation period, A/O-MBR presented a stable per-
formance for treating the anaerobically digested leachate from
MSWI with MAP pretreatment. A/O-MBR aimed to remove the
biodegradable CODCr and most of NH4

+-N for further advanced
treatment, before the wastewater can be recovered for agricultural
application (Fig. S1). The effluent of CODCr and NH4

+-N in A/O-MBR
remained at approximately 400–600 and 15–20 mg/L, respectively,
meaning that A/O-MBR effectively removed parts of the pollutants,
especially NH4

+-N. However, MAP pretreatment led to plenty of
phosphate flowing into the A/O-MBR reactor. Additionally, MLSS
and MLVSS were 6.4 and 3.7 g/L, respectively, predicting an obvi-
ous inorganic accumulation in activated sludge compared with
inoculating biomass.

Fig. 2 shows the variations of TMP and cake layer thickness dur-
ing operation. As the significant index for evaluating membrane
performance, the development rate of TMP directly reflects the
extent of membrane fouling. During the 90 days of operation of
the A/O-MBR, TMP variation was classified into 4 periods, and its
development rate was around 1.9 kPa/d, indicating that the mem-
brane module tolerated a steady-state fouling behavior during the
experiment. In addition, Fig. 2 shows that cake layer thickness
reached approximately 58–65 lm when TMP was 40 kPa, which
was higher than that of A/O-MBR treated municipal wastewater
[36], indicating that anaerobically digested leachate from MSWI
caused the severe fouling behavior. Moreover, the average thick-
ness growth rate of cake layer was around 3.4 lm/d, predicting
that the membrane would be seriously fouled in approximately
20 days.

Membrane resistance analysis was also carried out in this study.
Fig. 3 shows that Rcake layer predominated over 80% of total mem-
brane resistance, indicating that cake layer fouling was the
dominant fouling behavior in leachate treatment. Additionally,
Rpore blocking reached approximately 18.4 ± 1.5%, which was similar
as results of other MBR treated leachate systems [42], but higher
than treated municipal wastewater [36,43], predicating a severe
pore blocking process for leachate treatment.

3.2. BCR analysis

As previous literature [36,38,39] reported, inorganic compo-
nents are classified into 4 fractions according to the BCR sequential
extraction procedure. Table 1 presents the results of exchangeable
(F1), reducible (F2), oxidizable (F3) and residual (F4) fractions for
each inorganic element. The major inorganic elements of the cake
layer were Fe, Mg, Ca, Al and Si (due to their form of ions K and Na
were not considered in this study). Table 1 also shows that Si and
Al predominated in the inorganic components of the cake layer,
especially residual Si (240 ± 20 mg/dry cake layer g) and residual
Al (93 ± 8 mg/dry cake layer g), which was similar to the results
from Zhou et al. [36]. Si was considered as one of the most signif-
icant inorganic elements during cake layer formation [37,44,45].
Even though leachate had MAP pretreatment to remove most of
the NH4

+-N with crystallization, the pretreated anaerobically
digested leachate still contained plenty of Si and Al, which resulted
in the inorganic accumulation of activated sludge (Section 3.1).



Fig. 4. SEM image of cake layer surface.
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Consequently, predominance of residual Si and Al in the cake layer
was mainly due to most of the Si and Al in the influent, especially
non-soluble parts, being obstructed in the reactor (Table 2). Previ-
ous studies [46,47] on MBR for leachate treatment mainly studied
components of Ca and Mg, especially CaCO3, Ca5(PO4)3OH,
Mg2(PO4)OH, etc. In addition, the comparison of Si between cake
layer and sludge indicates that the majority of the Si was retained
in the cake layer in the form of residual insoluble fraction, which
can also be seen in Table 2, thus XRD analysis was carried out to
identify the chemical structure. Fig. S2 shows that inorganic com-
ponents contained FeSiO3, CaAl2O3, Ca5(PO4)3OH, CaCO3, CaPO3OH,
Mg2(PO4)OH, CaSiO3, CaSi2O5, SiO2, Al2O3, CaSO4, FePO4, etc, pre-
dicting that cake layer contained different forms of Si. Zhou et al.
[36] also reported that Si and Al was accumulated in the cake layer
in the form of SiO2-Al2O3 crystal particles. Consequently, it was
clear that the residual Si and Al played a dominant role in the cake
layer.

In addition, Fe, Mg and Ca were identified as the second domi-
nant inorganic elements in the cake layer. As Table 2 shows, Fe was
mainly in the fraction of the organic matter-bond oxidizable (F3)
(1.1 ± 0.8 mg/dry cake layer g) and the residual (F4)
(5.4 ± 2.2 mg/dry cake layer g). Organic matter-bond oxidizable
Fe was mainly because Fe is involved in plenty of bacterial metabo-
lisms [48], also the low solubility product (Ksp) for most of the Fe
components (e.g. FePO4 Ksp 9.91 � 10�16) resulted in the high
residual Fe in the cake layer. Fig. S2 also shows that parts of resid-
ual Fe were in the form of FeSiO3 and FePO4, which was due to high
concentrations of soluble Si and phosphate in the influent.

The influent of A/O-MBR contained high concentrations of Mg,
due to excess Mg2+ addition for MAP pretreatment (Table 2).
Although a high concentration of Mg was in the influent, only
13 mg/dry cake layer g residual Mg was found in the cake layer,
while parts of the soluble Mg outflowed through the membrane,
indicating that Mg does not easily accumulate in the cake layer.
In addition, comparisons between the cake layer and sludge indi-
cated that exchangeable fraction of Mg was prior to accumulation
in the sludge, and residual Mg was prior to attribution onto the
membrane surface. This was because Mg2+ easily combined with
carbonates in mixed liquid and was removed as precipitate in
the reactor bottom. Fig. S2 shows that Mg might be in the form
of Mg2(PO4)OH in the cake layer, because of the excess dosage of
MAP pretreatment.
Table 2
Inorganic compounds identified by the BCR sequential extraction procedure within each
inorganic compounds in the reactor influent and effluent (mg/L).c

Fe Mg

Cake layer
F1 0.04 ± 0.01 1.0 ± 0.4
F2 0.02 ± 0.00 0.00 ± 0.00
F3 1.1 ± 0.8 0.4 ± 0.1
F4 5.4 ± 2.2 13 ± 3

Sludge
F1 0.06 ± 0.01 6.4 ± 1.2
F2 0.05 ± 0.03 0.7 ± 0.5
F3 2.2 ± 0.9 0.3 ± 0.1
F4 3.6 ± 1.0 2.6 ± 0.3

Influentd

Total 23 ± 6 40 ± 8
Soluble 20 ± 3 34 ± 7

Effluente 5 ± 1 20 ± 3

a The BCR sequential extraction procedure of cake layer was carried out in triplicate w
b The BCR sequential extraction procedure of sludge was performed in triplicate ever
c Average concentrations of inorganic components of A/O-MBR in influent and effluen
d Influent was the influent of A/O-MBR, which was the effluent of MAP reactor.
e Due to the separation performed by the membrane, all reported elements in the effl
Ca is a widely researched element in the cake layer analysis.
Previous studies [36,37] reported that Ca in cake layer was mainly
in the form of CaSO4 and CaCO3. Trzcinski et al. [46] also reported
that cake layer in MBR for leachate treatment contained Ca5(PO4)3-
OH. In this study, F1 (7.2 ± 2.5 mg/dry cake layer g) and F4
(21 ± 4 mg/dry cake layer g) of Ca predominated the calcium com-
ponents of cake layer. Fig. S2 shows a complex structure of Ca with
CaAl2O3, Ca5(PO4)3OH, CaCO3, CaPO3OH, CaSiO3, CaSi2O5, CaSO4,
which were the calcium components with low Ksp. Xia et al. [17]
also reported that CaSiO3 and CaSO4 exited in the MSWI residual
of the fresh leachate. Therefore, compared with other elements,
Ca had the most complex chemical structure in the cake layer of
A/O-MBR treated leachate from MSWI with MAP pretreatment.
3.3. SEM-EDX analysis

Fig. 4 shows the SEM image (100�) of the cake layer surface.
The cake layer surface was obviously covered with plenty of parti-
cles. However, the section of the cake layer surface involved in
treating synthetic or municipal wastewater contained less particles
[37,49]. The particle difference of the cake layer surface was mainly
fraction of cake layer,a sludge (mg/dry sample g)b and average concentrations of

Ca Al Si

7.2 ± 2.5 0.00 ± 0.00 1.1 ± 0.7
0.01 ± 0.00 0.02 ± 0.01 1.5 ± 0.3
1.2 ± 0.7 0.8 ± 0.3 2.0 ± 0.5
21 ± 4 93 ± 8 240 ± 20

8.3 ± 1.3 0.02 ± 0.01 0.9 ± 0.2
4.0 ± 0.5 1.1 ± 05 0.8 ± 0.3
0.8 ± 0.4 1.3 ± 0.3 1.2 ± 0.2
17 ± 3 48 ± 10 160 ± 40

70 ± 8 180 ± 25 420 ± 30
45 ± 3 30 ± 7 40 ± 8

28 ± 3 20 ± 5 18 ± 4

hen the operation of the membrane stopped (TMP 40 kPa): n 12.
y 15 days: n 18.
t were detected every 3 days: n 30.

uent were in the soluble fraction.



Fig. 5. Elements distribution along the cross-sectional cake layer: (a) SEM of the cross-sectional cake layer; (b) Si; (c) Al; (d) Mg; (e) Ca; (f) Fe. (x-axis (lm) presents thickness
of cake layer, and 0? 67 lm means the beginning of cake layer? the end of cake layer; y-axis (no unit) presents the intensity of element).
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because of high concentrations of inorganic components in the
influent. However, due to the cake layer surface being covered by
plenty of particles, it led the SEM to not effectively detect the mass
distribution of the inorganics in the cake layer, therefore the mass
distribution had to be analyzed with BCR data (Table 2). The
weight percentage rate between Fe, Mg, Ca, Al, Si in the cake layer
was 1.7:3.7:7.6:24.1:62.9, indicating that inorganic Al and Si was
the inorganic majority of the cake layer. Previous study [36] and
Fig. S2 predicted that Si-Al was in the form of SiO2-Al2O3 crystal
particles. Fig. S2 also shows that Si exited in the form of FeSiO3,
CaSiO3, CaSi2O5, etc., inducing a higher weight percentage of Si
than that of Al in the cake layer.

To identify the inorganic distribution in the cake layer, line scan
SEM-EDX, which is a semi-quantitative method, was carried out in
this study. Fig. 5 shows Si, Al, Mg, Ca and Fe distributions along the
67 lm cross-sectional cake layer. The different intensity of each
element along the cake layer revealed that Si and Al predominated
in the cake layer, which was consistent with the BCR results. Si, Al,
Mg, Ca, and Fe were uniformly distributed along the front (0–
50 lm) cross-section of the cake layer, indicating that Si, Al, Mg,
Ca and Fe accumulated into the cake layer under the steady-
stable fouling behavior. Furthermore, a precipitate of aluminum
hydroxide formed in the leachate, containing high concentrations
of calcium [10,50] (Eq. (1)). Fe ions also presented an active precip-
itate capacity in the leachate treatment (Eqs. (2)–(7)). Moreover,
low Ksp of CaSiO3 (2.5 � 10�8), CaSO4 (4.9 � 10�5), CaCO3

(2.8 � 10�9), MgCO3 (6.8 � 10�6), Mg(OH)2 (5.6 � 10�12),
Mg3(PO4)2 (1.0 � 10�24), MgNH4PO4 (2.5 � 10�13) means Ca2+ and
Mg2+ would easily precipitate in activated sludge. Ca2+, Mg2+, Al3+

and Fe3+ also have a strong flocculation capacity to bridge and
combine with inorganic crystals (like MgNH4PO4, SiO2-Al2O3).
Metal anions were also well distributed along the cross-sectional
cake layer due to their ion form [51,52]. Therefore, the stable par-
ticles and metal ions in the activated sludge of A/O-MBR for lea-
chate treatment led to the steady inorganic accumulation on the
membrane surface, observed as the well-inorganic-distribution
along the cross-sectional cake layer.

CaðHCO3Þ2 þ Al2ðSO4Þ3 ! 2AlðOHÞ3 þ 3CaSO4 þ 6CO2 ð1Þ
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FeSO4 þ CaðHCO3Þ2 ! FeðHCO3Þ2 þ CaSO4 ð2Þ

FeðHCO3Þ2 þ 2CaðOHÞ2 ! FeðOHÞ2 þ 2CaCO3 þ 2H2O ð3Þ

FeðOHÞ2 þ 1=4O2 þ 1=2H2O ! FeðOHÞ3 ð4Þ

2FeCl3 þ CaðHCO3Þ2 ! 2FeðOHÞ3 þ 3CaCl2 þ 6H2O ð5Þ

2FeCl3 þ 3CaðOHÞ2 ! 2FeðOHÞ3 þ 3CaCl2 ð6Þ

Fe2ðSO4Þ3 þ CaðOHÞ2 ! FeðOHÞ3 þ 3CaSO4 ð7Þ
However, at the end of the cake layer, Si and Al had an obvious

increase of their intensity, indicating that Si and Al components
fast accumulated in the cake layer. This might be due to the cake
layer structure and suction pressure. As previous work [51]
showed, flocculated anions (Ca2+, Mg2+, Al3+ and Fe3+) varied the
cake layer structure into porous and loosened with sweeping and
bridging, thereby providing the cake layer with a stable inorganic
accumulation and a steady formation with a low suction pressure.
By the end of the fouling process, the thickness of the cake layer
had increased significantly, requiring a higher suction pressure to
maintain the flux. However the high suction pressure enhanced
the inorganic particle accumulation into the cake layer, especially
the dominating inorganic components of Si-Al crystals.

4. Conclusions

Inorganic characteristics of cake layer in A/O MBR for anaerobi-
cally digested leachate from MSWI plant with MAP pretreatment
was studied. During 90 days of operation, A/O-MBR had a thicker
cake layer, leading to severe fouling behavior. BCR analysis pre-
dicted that the cake layer had elements of Fe, Al, Ca, Mg, Si as dom-
inant inorganic components (especially residual Si and Al). XRD
results further showed that cake layer contained a complex inor-
ganic substance with FeSiO3, CaAl2O3, Ca5(PO4)3OH, CaCO3, CaPO3-
OH, Mg2(PO4)OH, etc. Si-Al crystals were the major inorganic
components in the cake layer. In addition, SEM-EDX showed a con-
sistent distribution of inorganics along the front cross-sectional
cake layer, indicating that the stable particles and metal ions led
to the steady inorganic accumulation onto the membrane surface.
High suction pressure promoted the inorganic particle accumula-
tion, especially Si-Al crystals, at the end of the cake layer.
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