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A B S T R A C T

Anaerobic side-stream reactors (ASSRs) can reduce sludge production in activated sludge systems, although the 
responsible mechanisms remain uncertain. This study evaluated the role of iron dosing in sludge reduction in a 
sequencing batch reactor (SBR) integrated with an ASSR. A control SBR (SBR.C) and an SBR.M integrated with an 
ASSR were operated in parallel, with iron concentrations of 1 and 5 mg Fe/L applied sequentially. Increasing iron 
from 1 to 5 mg Fe/L increased the observed sludge yield from 0.401 to 0.523 g VSS/g COD in SBR.C and from 
0.209 to 0.275 g VSS/g COD in SBR.M. However, the relative reduction in observed sludge yield remained 
approximately 47% at both iron concentrations. The higher iron dose was also associated with lower soluble COD 
and nutrient concentrations in the ASSR, consistent with greater retention of organic matter and nutrients within 
the sludge matrix. At 5 mg Fe/L, mass balances showed that direct sludge degradation within the ASSR accounted 
for only a limited fraction of the lower sludge production. Sludge from SBR.M showed higher substrate uptake 
and a lower apparent biomass yield, while the additional COD uptake was not accompanied by proportional net 
polyhydroxyalkanoates or glycogen accumulation. These findings indicate that iron primarily modified organic 
matter retention within the sludge matrix, whereas the lower sludge production in SBR.M was more associated 
with altered carbon utilization, in which increased substrate uptake was not accompanied by proportional net 
biomass formation.

1. Introduction

The abundant sludge production in wastewater treatment plant 
(WWTP) systems is a significant problem worldwide, accounting for 
30–50% of the total operational costs [1]. Currently, sludge treatment is 
primarily conducted end-of-pipe to reduce sludge volumes. However, 
several methods for minimizing sludge production in-situ have been 
reported in the literature, including both chemical and biological ap
proaches [2]. One method is to use an anaerobic side-stream reactor 
(ASSR) in the return sludge line. The principle of the ASSR is to expose 
activated sludge to anaerobic redox conditions in an external anaerobic 
reactor, whereafter it is returned to the main aerobic reactor [3]. 
Applying an ASSR in the return sludge line can reduce observed sludge 
yield by 20%-60%, depending on operating conditions [4,5].

Several mechanisms have been proposed to explain this reduction, 
including direct biomass decay, degradation and subsequent reuse of 
extracellular polymeric substances (EPS), and altered coupling between 
substrate utilization and biomass formation under repeated anaero
bic–aerobic exposure [6,7]. Operational conditions of ASSR, such as 
solid retention time (SRT), oxidation-reduction potential (ORP), and 
sludge interchange ratio (SIR), influence the extent of sludge reduction, 
indicating that the mechanisms may depend on the intensity and dura
tion of anaerobic exposure [4,8,9]. Recent oxic-settling-anaerobic 
(OSA)-based configurations have also combined intermittent aeration, 
attached growth, and side-stream acidogenesis to achieve low net sludge 
production while maintaining carbon and nutrient removal [10]. 
Nevertheless, because several biological and physicochemical processes 
occur simultaneously, their relative contributions to net sludge 
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reduction remain difficult to distinguish.
Iron may further these processes because iron salts are commonly 

added to wastewater treatment plants for phosphorus removal and can 
modify sludge transformation through complexation and cation 
bridging with proteins and humic substances [11,12]. In the Cannibal® 
system, Fe(III) has been proposed to form complexes with humic sub
stances and protein under aerobic conditions, whereas under anaerobic 
conditions, reduction of Fe(III) to Fe(II) may destabilize these complexes 
and release biodegradable substrates that can subsequently be reused 
during the aerobic phase, thereby contributing to lower sludge pro
duction [13,14]. Such reversible interactions between iron and organic 
matter may also alter substrate accessibility and microbial growth yield 
under different redox conditions [15]. However, experimental studies 
on the effect of iron addition in side-stream sludge reduction systems 
have reported contrasting results. Yagci et al. [15] reported enhanced 
sludge reduction with increasing iron availability in an OSA system, 
whereas Semblante et al. [16] observed that iron addition reduced solids 
destruction and increased retention of organic matter within the sludge 
matrix. However, our previous physicochemical batch study showed 
that iron-mediated interactions between proteins and humic substances 
reduced hydrolysis rates under both aerobic conditions and anaerobic 
conditions [12]. Furthermore, in our previous long-term reactor exper
iment, integration of an ASSR with an SBR reduced the observed sludge 
yield by approximately 42% despite the absence of intentional iron 
dosing and the presence of only trace iron concentrations [17]. Collec
tively, these findings show that substantial sludge reduction can occur 
without deliberate iron addition, while the effect of increasing iron 
availability on sludge reduction in an ASSR-integrated system remains 
unresolved.

To address the gap, this study evaluated how iron dosing affects 
sludge reduction in an SBR integrated with an ASSR. It examined 
whether increasing iron from 1 to 5 mg Fe/L changed observed sludge 
yield and organic-matter retention, and whether the lower sludge pro
duction in the integrated system was better explained by direct degra
dation within the ASSR or by changes in carbon allocation under cyclic 
anaerobic–aerobic conditions. Distinguishing between these mecha
nisms is practically important because it determines whether ASSR 
operation should be optimized to enhance direct sludge degradation or 
to control cyclic redox exposure and biomass growth efficiency. The 
findings are also relevant to WWTPs that use iron salts for phosphorus 
removal, because existing iron dosing may affect the sludge reduction 
benefit expected from ASSR implementation.

2. Materials and methods

2.1. Experimental setup and operational conditions

This experiment used two laboratory-scale treatment systems, as 
shown in Fig. 1. The first reactor was a 4 L SBR used as a control (SBR.C), 
and the second reactor was a 4 L SBR (SBR.M) coupled with a 2 L ASSR 
as the main reactor. All reactors were equipped with stirrers, pH/ORP 
and DO probes (Endress+Hauser, The Netherlands), peristaltic pumps 

(Watson-Marlow 120 U/DV-220Du-323, USA), and were automatically 
controlled by LabVIEW (National Instruments, USA) and a program
mable logic controller (National Instruments, USA). The systems oper
ated without temperature control at room temperature (20–22◦C).

Both SBRs were inoculated with around 5 g/L of aerobic sludge from 
Harnaschpolder WWTP in Den Hoorn, the Netherlands. The ASSR was 
inoculated with 10 g/L of waste-activated sludge originating from the 
same wastewater treatment plant. Before inoculation, this sludge had 
been conditioned in a semi-continuous thermophilic sludge-pre- 
treatment reactor operated under anaerobic conditions at 55 ◦C and 
an HRT of 5.5 h, as described by Monteiro et al. [18]. Both SBRs were 
operated on a 4 h per cycle, corresponding to six cycles per day. The 
cycle included 10 min filling, 50 min anaerobic mixing, 60 min aera
tion, 45 min anoxic mixing, 60 min settling, 10 min decanting, and 
5 min idling. The target DO concentration during aeration was 
2–3 mg/L in both SBRs. Each SBR received 8 L/d of synthetic waste
water, corresponding to approximately 1.33 L per cycle and an HRT of 
12 h. The SRT of SBR.C was maintained by discharging sludge twice a 
week. In SBR.M, 200 mL/d of settled sludge was transferred from SBR.M 
to the ASSR, corresponding to approximately 33 mL per cycle. The 
transfer was conducted during the idle phase, and the same volume of 
mixed sludge was returned from the ASSR to SBR.M during the subse
quent filling phase. Based on the 2 L ASSR volume and the daily ex
change volume, the ASSR SRT was 10 d. The ASSR ORP ranged from 
− 400 to − 450 mV. No intentional sludge wasting was applied to SBR.M 
or the ASSR, apart from routine sampling and solids discharged with the 
effluent. The calculated SRTs of SBR.C and SBR.M accounted for changes 
in reactor solids inventory and solids removed through sludge with
drawal, sampling, and effluent discharge. The calculated SRTs during 
the different operational stages are summarized in Table 1.

The two SBRs were fed with synthetic complex wastewater as 
described in Gonzalez et al. [19] with an influent COD concentration of 
450 ± 64 mg/L. Before the present iron dosing experiment, the same 
reactor systems had been operated for 175 d with only trace iron con
centrations in the influent, following an initial 90 d acclimatization 
period. The iron dosing experiment was subsequently conducted using 
the same reactors and biomass without reinoculation. The preceding 
trace iron period was used only as a historical reference and not as a 
simultaneous zero iron control. FeCl3⋅6 H2O (Sigma-Aldrich, Germany) 
was added to the influent to obtain concentrations of 1 and 5 mg Fe/L. 
These concentrations were selected to represent lower and higher iron 
concentrations reported for domestic wastewater influent [19,20], 
allowing the effects of iron concentration to be evaluated. The iron 
concentrations were applied sequentially to the same reactor systems, 
beginning with 1 mg Fe/L and followed by 5 mg Fe/L. Each dosing stage 
was preceded by a 30 d acclimatization period under continuous iron 
dosing, and data collected during acclimatization were excluded from 
the analysis. Routine reactor monitoring at 1 mg Fe/L was conducted 
during cumulative operational days 295–349. During operational days 
316–320, corresponding to days 21–25 of the monitored 1 mg Fe/L 
stage, sodium acetate trihydrate (Merck, Germany) was added to both 
SBRs during the first minute of the anoxic phase, providing an additional 
75 mg COD/L. The addition was discontinued after operational day 320. 
Routine reactor monitoring at 5 mg Fe/L was conducted during opera
tional days 379–431. Although routine performance monitoring ended 
on operational day 431, both reactor systems continued to operate 
without interruption under the same iron-dosing and operational con
ditions until day 697. Reactor stability during this extended period was 
followed by monitoring pH, ORP, and DO.

2.2. Batch experiments

2.2.1. Oxygen uptake rate experiment
Endogenous and exogenous oxygen uptake rate (OUR) measure

ments were conducted to evaluate the respiratory activity of the biomass 
collected from SBR.C and SBR.M. Sludge samples were collected on 

Fig. 1. Two laboratory-scale treatment systems. (a) Control reactor (SBR.C) 
and (b) main reactor (SBR.M-ASSR).
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cumulative operational day 599, during the extended operation at 5 mg 
Fe/L. The measurements were conducted in triplicate using three 
separate bottles for each reactor. The experiments were performed in 
100 mL nominal-volume Schott bottles (Duran, Germany), which had a 
total internal capacity of approximately 130 mL. The bottles were 
completely filled with samples (130 mL) to eliminate headspace. Each 
bottle was equipped with a DO probe connected to a WTW Multi 3420 
(Germany) and stirred at 150 rpm at room temperature. The probe was 
inserted before the sludge was added, and the bottle was subsequently 
filled to eliminate the headspace and minimize oxygen transfer from the 
atmosphere. Before the measurement, sludge samples were aerated until 
the DO concentration approached saturation. The initial decrease in DO 
was recorded without external substrate to determine the endogenous 
OUR. When the DO concentration reached 4 mg/L, 2 mL of sodium ac
etate stock solution containing 2000 mg COD/L was added to the same 
bottle without reaeration. The subsequent decrease in DO was recorded 
to determine the total OUR. The OUR value was calculated from the 
linear slope of the DO decline during the measurement period. The OUR 
value is expressed as the volumetric oxygen consumption rate (mg O2/L/ 
h). The specific oxygen uptake rate (SOUR) is calculated by normalizing 
the OUR to biomass concentration and thus expressed in mg O2/gVSS/h. 
The ΔOUR and ΔSOUR values are then calculated as the difference 
between the total OUR/SOUR and the endogenous OUR/SOUR, to 
characterize respiration induced by the external substrate.

2.2.2. Batch yield experiment
A batch yield experiment was conducted to compare the apparent 

biomass yield and substrate uptake of sludge from SBR.C and SBR.M. 
Sludge was collected on cumulative operational day 631, while both 
reactor systems were operated at 5 mg Fe/L. One batch bottle was 
prepared for each sludge source. Samples collected from each bottle 
were analyzed in triplicate. The experiments were carried out using a 
Schott bottle with a working volume of 200 mL. The initial biomass 
concentration was set at 3.5 gVSS/L. Before use, the sludge was washed 
three times using a centrifuge (Eppendorf 5910 Ri, Germany) at 
8000 rpm for 10 min to remove any remaining substrate residues or 
dissolved compounds from the bulk liquid. After washing, distilled 
water was added to the sludge to restore the initial volume. The sludge 
was then transferred to a Schott bottle, and glucose was added as sub
strate at an initial concentration of 400 mg COD/L. During the experi
ment, the bottle was placed on a magnetic stirrer at 150 rpm to maintain 

suspension homogeneity and was continuously aerated. The batch test 
was conducted for 24 h, with samples taken at 0, 1, 2, 3, 4, 6, and 24 h. 
The samples were analyzed for COD and VSS concentrations. The data 
on changes in COD and VSS were used to calculate the biomass yield, 
which is the ratio of the increase in VSS to the COD consumed. Addi
tionally, the COD uptake rate was determined by the change in COD 
concentration over time and then normalized to the biomass 
concentration.

2.2.3. Intracellular storage polymer experiment
The storage polymer experiment was conducted using fresh sludge 

collected from SBR.C and SBR.M on cumulative operational day 697, 
during the extended operation at 5 mg Fe/L. Sludge preparation and 
experimental conditions were the same as those described for the batch 
yield experiment in Section 2.2.2, except that an initial working volume 
of 400 mL was used. The initial biomass concentration was adjusted to 
3.5 g VSS/L, and glucose was added to obtain an initial concentration of 
400 mg COD/L. The bottles were continuously aerated and stirred at 
150 rpm at room temperature throughout the 24 h experiment. Samples 
were collected at 0, 2, 6, and 24 h for the analysis of intracellular pol
yhydroxyalkanoates (PHA) and glycogen. Sample preparation and 
quantification of poly-β-hydroxybutyrate (PHB) and poly-β-hydrox
yvalerate (PHV) were performed according to Li et al. [21], whereas 
sample preparation and glycogen quantification followed the method of 
Lanham et al. [22]. Net changes in PHA and glycogen were calculated 
relative to their respective concentrations at 0 h. Total net storage 
polymer accumulation was calculated as the sum of the net changes in 
PHA and glycogen and expressed as mg COD/g VSS and mg COD/L.

2.2.4. Biomethane potential (BMP) experiment
The BMP test was conducted to determine the biodegradability of 

sludge from SBR.C, SBR.M, and ASSR. Sludge samples were collected on 
cumulative operational day 491, while both SBR systems were operated 
at 5 mg Fe/L. Each sludge source was analyzed in triplicate using three 
separate bottles. The experiment was performed using an Automated 
Methane Potential Test System II (AMPTS II; Bioprocess Control, Swe
den). The inoculum for this test was anaerobic sludge taken from Har
naschpolder WWTP in Den Hoorn, the Netherlands, while the substrate 
was sludge from the three lab reactors. Each measurement was per
formed in triplicate. A negative control containing only inoculum was 
analyzed, as well as a positive control containing inoculum and cellu

Table 1 
Overview of experimental stages and key operational parameters.

Stage Cumulative operational time (d) Reactor HRT Calculated SRT OLR 
(gCOD/L/d)

Iron dose 
(mg Fe/L)

Use of data

Initial acclimatization 0–90 SBR.C 12 h n.d. ~0.9 Trace Excluded
SBR.M 12 h n.d. ~0.9 Trace
ASSR 10 d 10 d n.a. Indirect1

Stage A: trace-iron operation 90–265 SBR.C 12 h 15 d 0.92 ± 0.22 Trace Historical reference2

SBR.M 12 h 25 d 0.91 ± 0.16 Trace
ASSR 10 d 10 d n.a. Indirect1

Acclimatization to 1 mg Fe/L 265–295 SBR.C 12 h n.d. ~0.9 1 Excluded
SBR.M 12 h n.d. ~0.9 1
ASSR 10 d 10 d n.a. Indirect1

Stage B: 1 mg Fe/L 295–349 SBR.C 12 h 16 d 0.90 ± 0.14 1 Included
SBR.M 12 h 15 d 0.90 ± 0.14 1
ASSR 10 d 10 d n.a. Indirect1

Acclimatization to 5 mg Fe/L 349–379 SBR.C 12 h n.d. ~0.9 5 Excluded
SBR.M 12 h n.d. ~0.9 5
ASSR 10 d 10 d n.a. Indirect1

Stage C: 5 mg Fe/L 379–697 SBR.C 12 h 14 d 0.90 ± 0.1 5 Included3

SBR.M 12 h 14 d 0.91 ± 0.14 5
ASSR 10 d 10 d n.a. Indirect1

Notes:
1Iron was dosed to the influent of SBR.M and entered the ASSR indirectly through sludge exchange.
2Stage A was used only as a historical reference and not as a simultaneous zero-iron control.
3Routine reactor monitoring was conducted during days 379–431, followed by extended operation under the same conditions until day 697.

M.F. Imron et al.                                                                                                                                                                                                                                Journal of Environmental Chemical Engineering 14 (2026) 124966 

3 



lose. The inoculum-to-substrate ratio is 2:1, with a total mixture volume 
of 400 mL in a 500 mL Schott bottle (Duran, Germany). The recipes and 
dosages of macronutrients, micronutrients, and phosphate buffer were 
based on Angelidaki et al. [23]. BMP ultimate was determined based on 
Eq. (1). 

BMPt = B0(1 − e− k•t) (1) 

BMPt is the cumulative methane production at time t (NmL CH4/ 
gVS), B0 is the ultimate methane potential (BMP ultimate), k is the 
methane production rate constant (/d), t is the digestion time (d). By 
plotting t as the x-axis and BMPt as the y-axis, the BMP ultimate was 
determined based on the nonlinear curve fitting. Curve fitting was 
conducted using MATLAB R2023b (MathWorks, USA).

2.3. Analytical methods

2.3.1. Sludge yield calculation
Mixed liquor volatile suspended solids (MLVSS) are used to calculate 

sludge production. Observed sludge yield (Yobs) is calculated based on 
the slope of the linear regression of the plot between cumulative 
consumed substrate (g COD; x-axis) and cumulative sludge production 
(g VSS; y-axis) (Eq. 2). Sludge reduction is calculated based on Eq. (3).   

Sludge reduction (%) =
YobsSBR.C − YobsSBR.M

YobsSBR.C
× 100% (3) 

In Eq. (2), ΔXSBR, ΔXASSR, and Δt are the change in sludge (g VSS/L) 
in SBR and ASSR, and time (d), respectively. VSBR and VASSR are the 
volumes of SBR and ASSR (L), respectively. QSBR waste, Qin, and Qeff are 
the flow rates of waste sludge from SBR, influent, and effluent (L/d), 
respectively. QASSR waste is the flow rate of sludge from ASSR generated 
during sampling for analysis. Sin and Seff are the substrate concentrations 
of influent and effluent (g COD/L), respectively.

2.3.2. Parameters
Mixed liquor suspended solids (MLSS) and MLVSS in SBR and ASSR, 

both in influent, effluent, and discharged sludge, were analyzed based 
on Standard Methods [24]. Total chemical oxygen demand (COD), sol
uble COD (sCOD), NH4

+-N, NO2
- -N, NO3

- -N, and PO4
3--P/Total phosphate 

(TP) were measured using spectrophotometric test kits (Hach Lange 
LCK, Germany). The respective kit codes are as follows: LCK 114, LCK 
314, LCK 303, LCK 341, LCK 339, LCK 348. The sample was first filtered 
using a 10 mL syringe equipped with a 0.45 μm CHROMAFIL Xtra 
PES-45/25 filter (Macherey-Nagel, Germany) for all parameters, then 
analyzed with the Hach kit, except for total COD and TP.

To assess intracellular energy status and oxidative stress responses, 
the ATP content of sludge samples from SBR.C, SBR.M, and ASSR was 
measured using the Bugcount Solids Test Kit (Biotechnology Solutions 
(BTS), USA) and quantified with a luminometer (LuminUltra Photon
Master Luminometer, Canada). Superoxide dismutase (SOD) activity 
was measured using a colorimetric assay kit (Thermo Fisher Scientific, 
USA) according to the manufacturer’s instructions. For SOD activity, 
sludge was extracted in phosphate-buffered saline (PBS) and centrifuged 
prior to analysis. The assay was performed in 96-well microplates, and 
absorbance was measured at 450 nm using a FLUOstar Galaxy Multi- 
functional Microplate Reader (BMG Technologies, UK). SOD activity 

was normalized to the protein content and expressed as U/mg protein.
Soluble EPS (S-EPS) was extracted by centrifuging sludge at 

8000 rpm for 10 min, followed by filtering the supernatant through a 
10 mL syringe fitted with a 0.45 μm filter. The pellet was resuspended in 
0.5% NaCl and then vortexed to obtain loosely bound EPS (LB-EPS) from 
the same sludge. Subsequently, the mixed pellet was centrifuged at 
8000 rpm for 10 min, and the supernatant was filtered using a 10 mL 
syringe equipped with a 0.45 μm filter to obtain LB-EPS. Tightly bound 
EPS (TB-EPS) from the same sample was resuspended in 0.5% NaCl, 
vortex-mixed, and then heated in a water bath at 60◦C for 1 h. The 
sample was then centrifuged at 8000 rpm for 10 min, after which the 
supernatant was filtered using a 10 mL syringe equipped with a 0.45 μm 
filter to obtain TB-EPS. The EPS concentration was calculated from the 
carbohydrate and protein concentrations, measured via the sulfuric acid 
method [25] and the modified Lowry method [26], respectively.

To determine the concentration of soluble Fe(III)/Fe(II) in sludge, 
the sludge was centrifuged at 8000 rpm for 10 min, and the supernatant 
was filtered using a 10 mL syringe equipped with a 0.45 μm filter to 
obtain soluble iron and then measured using spectrophotometric test 
kits (Hach Lange LCK, Germany; kit code LCK 312). To determine the 
total iron concentration in the sludge, the sludge is digested in a mi
crowave digester for 30 min with nitric acid. Then, the digested sludge is 
filtered through a 10 mL syringe fitted with a 0.45 μm filter to obtain 

soluble iron. Subsequently, total Fe was measured by ICP-OES (Agilent 
5800, USA).

With iron dosing, there is also the potential for crystal phase for
mation in sludge. For crystal phase analysis, sludge from SBR and ASSR 
before and after iron dosing was freeze-dried under dark conditions to 
prevent oxidation of ferrous iron. XRD assessment was used to identify 
the crystal phase in sludge using a Bruker Discover D8 (Bruker, USA) 
with Cu-Kα radiation. The diffraction pattern was recorded at 2θ with a 
range of 5–120◦ in steps of 0.02◦.

2.3.3. Mass balance calculations
COD, nitrogen, and VSS mass balances were constructed from one 

sampling campaign conducted during operation at 5 mg Fe/L. Daily 
loads were obtained by multiplying the measured concentrations by the 
corresponding flow rates. Separate unit balances were established for 
SBR.C, SBR.M, and the ASSR. For SBR.C, the influent was considered the 
input, while the effluent and wasted sludge were considered the outputs. 
For SBR.M, the external influent and sludge returned from the ASSR 
were considered inputs, while the effluent and sludge transferred to the 
ASSR were considered outputs. The latter two sludge streams formed the 
input and output of the ASSR balance, respectively.

COD loads were determined from directly measured total COD 
concentrations. Estimated COD removal in each SBR was calculated as 
the difference between the total incoming and outgoing loads. For the 
ASSR, the difference between incoming and outgoing COD loads was 
reported as the net COD decrease.

For the nitrogen balance, organic nitrogen was calculated using Eq. 
(4): 

Norganic =TN− NH4
+-N − NO2

− -N − NO3
− -N                                        (4)

where Norganic is the organic nitrogen concentration, TN is the total 
nitrogen concentration, and NH4

+-N, NO2
− -N, and NO3

− -N are the 
measured total and inorganic nitrogen concentrations. Nitrogen con
version in each SBR was determined from the difference between the 

Yobs =
X
S
=

ΔXSBRVSBR + ΔXASSRVASSR +
∑

(XSBRQSBR.waste + XASSRQASSR.waste + XEff QEff )Δt
∑

(SinQin − SEff QEff )Δt
(2) 
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total incoming and outgoing nitrogen loads. Organic-N reduction and 
NH4

+-N release across the ASSR were determined from their respective 
load differences.

The net VSS decrease across the ASSR was calculated using Eq. (5): 

ΔMVSS,ASSR = QinXVSS,in − QoutXVSS,out                                            (5)

where ΔMVSS,ASSR is the net VSS decrease (g VSS/d), Qin and Qout are 
the sludge flow rates entering and leaving the ASSR (L/d), XVSS,in and 
XVSS,out are the corresponding MLVSS concentrations (g VSS/L). Both 
flow rates were 0.2 L/d. No COD-to-VSS conversion was applied. For 
comparison with the organic-N balance, the net VSS decrease was con
verted to a biomass-associated nitrogen equivalent using 0.06 g N/g VSS 
[27,28]. The apparent ASSR contribution to the overall 
sludge-production difference was calculated by dividing its net VSS 
decrease by the difference in daily sludge production between SBR.C 
and the integrated system. Because the balances were based on one 
sampling campaign, the results were treated as descriptive estimates.

2.3.4. Microbial community analysis
Sludge samples were collected from SBR.C, SBR.M, and the ASSR on 

cumulative operational day 470, during operation at 5 mg Fe/L. Sam
ples from SBR.C and SBR.M were collected after the aerobic phase, while 
ASSR samples were collected at the corresponding sampling time. Three 
sludge subsamples were collected from each reactor. These represented 
within-reactor sampling replicates rather than independently operated 
reactor replicates. DNA was extracted using the FastDNA® SPIN Kit for 
Soil (MP Biomedicals, USA), and DNA concentrations were assessed 
using a Qubit 3.0 fluorometer and the Qubit® dsDNA HS Assay Kit.

The V3–V4 region of the bacterial 16S rRNA gene was amplified 
using primers 341 F (5′-CCTAYGGGRBGCASCAG-3′) and 806 R (5′- 
GGACTACNNGGGTATCTAAT-3′). Amplicons were sequenced on an 
Illumina platform using 2 × 250 bp paired-end sequencing by Novogene 
Co., Ltd. Sequence processing was performed using QIIME2 version 
202202. After read merging, quality filtering, and chimera removal, 
amplicon sequence variants (ASVs) were generated using the DADA2 
denoising workflow. Taxonomic assignment was performed using the 
QIIME2 classify-sklearn algorithm with a classifier trained against the 
SILVA 138.1 database.

Functional potential was predicted separately from the taxonomic 
classification using PICRUSt2 version 2.3.0. ASV representative se
quences and their corresponding feature abundance table were used for 
functional inference. Predicted gene-family abundances were annotated 
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology 
database. Prediction quality was evaluated using abundance-weighted 
nearest-sequenced taxon index values, which ranged from 0.339 to 
0.481 across the nine samples. Because PICRUSt2 infers functions from 
marker-gene profiles, the resulting KEGG ortholog abundances were 
interpreted as predicted functional potential rather than directly 
measured gene expression or metabolic activity.

2.3.5. Statistical analysis
The experiment comprised one SBR.C and one coupled SBR.M–ASSR 

system, with iron concentrations of 1 and 5 mg Fe/L applied sequen
tially to the same reactors. Consequently, the reactor configurations and 
iron dosing stages were not independently replicated. Each routine 
reactor monitoring point represented a single analytical determination 
from one sampling event and is presented as such in applicable figures. 
Routine monitoring data, including COD, nutrients, SVI, and soluble 
compounds in the ASSR, are reported as the mean ± standard deviation 
of the observations collected during each operational stage. For EPS, 
ATP, SOD activity, and iron measurements, results are presented as the 
mean ± standard deviation of three separately collected sludge samples. 
OUR/SOUR and BMP results are presented as the mean ± standard de
viation of three parallel batch bottles. Where applicable, differences 
among reactor-derived sample groups and iron-dosing stages were 

evaluated using one-way analysis of variance (ANOVA) in IBM SPSS 
Statistics version 29.0.2.0 (IBM Corp, USA), with statistical significance 
defined at p < 0.05. For the batch yield experiment, one batch bottle was 
used for each sludge source, and analytical measurements were per
formed in triplicate. The reported variation therefore represents 
analytical variability rather than independent experimental replication. 
Storage polymer measurements were performed as single de
terminations and are presented without error bars. Uncertainty in the 
observed sludge yield was reported as the standard error of the regres
sion slope. Microbial-community triplicates represented separate sludge 
subsamples from the same reactor rather than independently operated 
reactor replicates; therefore, no inferential statistical analysis was used 
to establish differences among reactor configurations.

3. Results and discussion

3.1. Reactor performance during iron dosing

COD removal remained relatively stable at approximately 80–90% in 
both SBR.C and SBR.M during operation at 1 and 5 mg Fe/L, with 
effluent COD concentrations generally below 100 mg/L (Figs. 2a and 
2b). At each iron dose, the COD removal performance of SBR.M was 
comparable to that of SBR.C, indicating that ASSR circulation did not 
deteriorate COD removal. The effects of ASSR integration on nitrogen 
conversion were less uniform. At both iron doses, SBR.C maintained 
NH4

+-N removal above 90%, whereas SBR.M showed lower and more 
variable ammonium removal (Figs. 2c and 2d). On a mass load basis, 
NH4

+-N removal was approximately 321 and 243 mg N/d for SBR.C and 
SBR.M, respectively, at 1 mg Fe/L, and 464 and 427 mg N/d at 5 mg Fe/ 
L. The net NH4

+-N load returned from the ASSR was small, accounting for 
only about 2.2% and 0.9% of the external influent load at 1 and 5 mg Fe/ 
L, respectively, and therefore could not explain the lower conversion in 
SBR.M. The lower and fluctuating DO in SBR.M (approximately 
0.3–2.0 mg/L) and repeated anaerobic exposure of the recycled sludge 
may have contributed, although their individual effects could not be 
distinguished. In addition, denitrification was incomplete, resulting in 
NO3

- -N in the effluent of both reactors (5–30 mg/L). No consistent dif
ference was observed between SBR.C and SBR.M under the same iron 
dosing conditions. The addition of sodium acetate during days 21–25 of 
the 1 mg Fe/L stage resulted in a marked decrease in effluent NO3

- -N in 
both reactors, indicating that nitrate reduction was limited by the 
availability of readily biodegradable COD during the anoxic phase. TP 
removal remained within approximately 20–50% in both reactors at 
both iron doses and showed no clear dose-dependent improvement 
(Figs. 2e and 2f). The influent Fe:P molar ratios were approximately 
0.06:1 at 1 mg Fe/L and 0.30:1 at 5 mg Fe/L, both below the theoretical 
minimum ratio of approximately 1:1 commonly associated with stoi
chiometric iron–phosphate binding. Competition for readily biode
gradable COD between denitrifying organisms and phosphate- 
accumulating organisms (PAO), due to nitrate transfer to the anaer
obic phase, may also have constrained biological phosphorus removal, 
while fluctuating aeration in SBR.M may have further affected process 
stability [29–31].

3.2. Effects of iron dosing on sludge yield and characteristics

The observed sludge yield of SBR.C and SBR.M is shown in Fig. 3 for 
iron dosing at 1 and 5 mg Fe/L. Based on Fig. 3, increasing iron dosage 
from 1 to 5 mg Fe/L increased the observed sludge yield in both con
figurations. In SBR.C, the observed sludge yield increased from 0.401 
± 0.007 to 0.523 ± 0.014 g VSS/g COD, while in SBR.M, the observed 
sludge yield also increased from 0.209 ± 0.006 to 0.275 ± 0.009 g VSS/ 
g COD. This suggests that the higher observed sludge yield was partly 
linked to Fe(III)-mediated retention of organic matter, likely through 
cation bridging and complexation within the sludge matrix [32]. The 
findings of this study were aligned with Semblante et al. [16], which 
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demonstrated that increasing iron concentration in an SBR integrated 
with an OSA system also increased observed sludge yield when 
compared to an SBR without iron addition. Although the observed 
sludge yield increased, the contribution of the ASSR in lowering the net 
sludge yield/ sludge reduction remained unchanged (~47%) for both 
iron dosing levels, while our previous study reported approximately 
42% sludge reduction in the integrated SBR.M–ASSR system operated 
without iron addition [17]. These findings suggest that iron dosing in
fluences sludge physicochemical properties and contributes to the in
crease in observed sludge yield, but is unlikely to be the primary factor 
governing the lower sludge production in the integrated system.

Further investigation of this behavior showed that increasing the 
iron dosage from 1 to 5 mg Fe/L decreased the concentrations of sCOD, 
NH4

+-N, and PO4
3--P in the ASSR, as shown in Fig. 4. sCOD decreased from 

an average of 105 ± 54 mg/L to 47.3 ± 10.4 mg/L. NH4
+-N decreased 

from 50.4 ± 11.3 mg/L to 29 ± 4.8 mg/L and PO4
3--P decreased from 

91.2 ± 17.8 mg/L to 41.3 ± 8.1 mg/L. These differences were unlikely 
to result solely from changes in solids transfer to the ASSR. The SVI of 
SBR.M remained similarly high at both iron doses, ranging from 
approximately 206–250 mL/g. Although sludge compaction was poor, a 
settled sludge layer remained recoverable after the 60 min settling 
phase. The fixed exchange volume of 200 mL/d was withdrawn from the 
lowest part of this settled layer, corresponding to approximately 33 mL 
per cycle. This entails that the best settling sludge was transferred to the 
ASSR, which could have enhanced the high SVI of the remaining sludge. 
The MLVSS concentration of the transferred sludge remained broadly 
comparable at 1 and 5 mg Fe/L, averaging 6466 ± 1072 and 5973 
± 631 mg/L, respectively (Figure S1). Thus, the lower soluble 

Fig. 2. Performance of SBR.C and SBR.M at 1 mg Fe/L and 5 mg Fe/L. (a,b) COD concentration and removal, (c,d) NH4
+-N and NO3

- -N concentrations, and (e,f) TP 
concentration. Panels (a), (c), and (e) show data at 1 mg Fe/L, while panels (b), (d), and (f) show data at 5 mg Fe/L. The shaded area in panels (a), (c), and (e) 
indicates days 21–25, during which an external soluble COD source was temporarily added to both reactors.
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concentrations of COD, NH4
+-N, and PO4

3--P at 5 mg Fe/L were not 
associated with improved settling or a substantial change in the solids 
concentration entering the ASSR. Instead, the results are consistent with 
greater retention of organic matter and nutrients within the sludge 
matrix at the higher iron dose, thereby limiting their release into the 
liquid phase under anaerobic conditions [16].

Despite the consistently high SVI, no uncontrolled sludge washout 
occurred. Effluent TSS concentrations were 84 ± 50 and 111 ± 63 mg/L 
in SBR.C and SBR.M, respectively, at 1 mg Fe/L, and 114 ± 63 and 128 
± 70 mg/L at 5 mg Fe/L. SBR.M showed somewhat higher effluent 
solids concentrations, but the difference was limited relative to the 
overall difference in sludge production. Moreover, the effluent VSS load 
was included in the cumulative sludge production calculation. Conse
quently, the lower observed sludge yield in SBR.M cannot be attributed 
to unaccounted solids washout. Nevertheless, the high SVI demonstrates 
that poor settleability remained an important operational limitation of 
the integrated SBR–ASSR system that might be tackled by a different 
sludge selection prior to recycling to the ASSR.

To understand the higher stability of the sludge with increased iron 
dosing, the EPS distribution was examined and is shown in Fig. 5. 
Increasing the iron concentration led to a significant increase in TB-EPS 
from 33.87 ± 1.55 to 42.66 ± 0.39 mg/gVSS in SBR.C (p < 0.05), 

whereas only a slight increase was observed in SBR.M from 41 ± 0.8 to 
42.37 ± 1.9 mg/gVSS. At the same time, LB-EPS increased significantly 
in SBR.M from 0.81 ± 0.04 to 4.07 ± 1.95 mg/gVSS and in SBR.C from 
0.5 ± 0.1 to 3.09 ± 0.34 mg/gVSS (p < 0.05), while S-EPS showed a 
slight increase in both SBR.C and SBR.M but a decrease in ASSR 
(p > 0.05). The distribution of iron between the sludge and liquid phases 
was further examined under 5 mg Fe/L iron dosing conditions and is 
presented in Figs. 5b and 5c. The sludge-associated iron content was 
highest in SBR.C, reaching 34.6 ± 0.4 mg/g dry sludge, followed by 
SBR.M at 31.4 ± 0.4 mg/g dry sludge and ASSR at 24.6 ± 0.3 mg/g dry 
sludge. This indicates that iron was retained in the sludge matrix of all 
reactors, particularly in the SBRs. In contrast, the ASSR showed lower 
sludge-associated iron than the SBRs, while soluble iron concentrations 
were substantially higher. Total soluble iron remained relatively low in 
the SBRs, with a range of 0.1 – 0.5 mg/L, whereas the ASSR contained 
2.3 mg/L of soluble iron. This suggests that part of the iron associated 
with the sludge from SBR.M was redistributed into the liquid phase 
under anaerobic conditions. Nevertheless, the remaining sludge- 
associated iron in the ASSR may still have contributed to EPS binding 
and structural reorganization, as indicated by the increase in TB-EPS and 
the absence of an increase in S-EPS. Since Fe(III) remained dominant 
over Fe(II) in the ASSR, the increase in soluble iron was not governed 

Fig. 3. Relationship between cumulative consumed substrate and cumulative generated sludge for determining the observed sludge yield in (a) 1 mg Fe/L and (b) 
5 mg Fe/L.

Fig. 4. Boxplots of (a) sCOD, (b) NH4
+-N, and (c) PO4

3--P concentrations in the influent and effluent of the ASSR at 1 and 5 mg Fe/L.
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solely by the reduction of Fe(III) to Fe(II), but may also involve iron 
complexation with soluble organic compounds or the release of iron- 
associated compounds from the sludge matrix.

A similar observation was reported by Semblante et al. [16], who 
found that increasing iron dosing to 15 mg Fe/L in an SBR-OSA system 
also increased TB-EPS accumulation. The increase in TB-EPS suggests 
the formation of more compact and stable EPS matrices, likely driven by 
iron-induced cross-linking between EPS components such as proteins 
and humic substances [12,33]. Multivalent cations such as Fe(III) can 
act as bridging agents, strengthening intermolecular interactions and 
promoting the aggregation of organic matter into tightly bound fractions 
[33,34]. The XRD results shown in Figure S2 indicated changes in sludge 
crystallinity following iron addition. Without iron dosing, the XRD 
pattern was dominated by amorphous phases with some crystal peaks 
typical of activated sludge. The presence of 5 mg Fe/L iron led to the 
appearance of additional crystalline phases, with the amorphous 
component still predominant. These crystalline phases were also present 
in the ASSR, suggesting their stability in anaerobic conditions.

3.3. COD, nitrogen, and VSS mass balances

The COD balance (Fig. 6) showed that SBR.M received a higher total 
COD load than SBR.C because its calculation included the sludge 
returned from the ASSR. Based on the measured effluent and sludge 
output loads, the COD mass balance recovery was 41% in SBR.C and 
44% in SBR.M. The remaining balance differences, reported as estimated 
removed COD, were 2097 mg COD/d in SBR.C and 2988 mg COD/d in 
SBR.M, corresponding to 59% and 56% of their respective total COD 
inputs. Although the absolute estimated removed COD was higher in 
SBR.M, this system produced less sludge than SBR.C, suggesting that a 

Fig. 5. (a) S-EPS, LB-EPS, and TB-EPS concentrations at 1 and 5 mg Fe/L, (b) total iron concentration in sludge, and (c) soluble iron concentrations at 5 mg Fe/L in 
SBR.C, SBR.M, and ASSR.

Fig. 6. Mass balance of COD and nitrogen in (a) SBR.C and (b) SBR.M with 
5 mg Fe/L iron addition.
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smaller fraction of the transformed COD was incorporated into net 
biomass. Previous studies have proposed that, under cyclic anaero
bic–aerobic conditions, part of the substrate may be directed towards 
non-growth-associated processes [35,36]. However, the contribution of 
such processes could not be quantified from the present mass balance.

For nitrogen, the measured mass balance recovery in the effluent and 
sludge output streams was 60% in SBR.C and 47% in SBR.M. The 
remaining balance differences, reported as estimated nitrogen conver
sion, were 254 mg N/d in SBR.C and 380 mg N/d in SBR.M, corre
sponding to 40% and 53% of their respective TN inputs (Fig. 6 and 
Table S1). Across the ASSR, 71 of the 75 mg N/d entering through the 
transferred sludge was recovered in the sludge returned to SBR.M, cor
responding to a measured TN mass balance recovery of 95%. At the 
component level, the organic-N load decreased by approximately 
6.5 mg N/d, while the NH4

+-N load increased by 4.5 mg N/d. The 
directly measured VSS decrease across the ASSR was approximately 
0.11 g VSS/d, corresponding to 6.6 mg sludge-associated N/d based on 
the assumed N/VSS ratio. The close agreement between the organic-N 
decrease and the nitrogen equivalent derived from the VSS decrease 
supports the occurrence of direct solids degradation within the ASSR, 
although its extent was limited under the tested conditions.

Daily sludge production was 1.48 g VSS/d in SBR.C and 0.80 g VSS/ 
d in SBR.M, corresponding to an overall difference of 0.68 g VSS/d. This 
direct VSS loss within the ASSR accounted for 16.2% of the difference, 
compared with approximately 25% during operation without inten
tional iron dosing. However, because the two mass balance assessments 
were conducted during different operational periods and no corre
sponding balance was available at 1 mg Fe/L, the difference between 
these estimates cannot be attributed specifically to iron dosing. More
over, the limited organic-N decrease and NH4

+-N release do not support 
extensive anaerobic destabilization and hydrolysis of iron-associated 
proteins as the dominant sludge-reduction pathway at 5 mg Fe/L, as 

proposed by Novak et al. [13] and Park et al. [14]. Overall, the results 
indicate that most of the lower sludge production originated from 
reduced net solids production in SBR.M rather than direct sludge 
degradation in the ASSR, although the underlying carbon allocation 
pathways could not be resolved from the mass balance alone.

3.4. Carbon utilization and physiological responses

Fig. 7 shows distinct substrate utilization patterns between sludge 
from SBR.C and SBR.M. In the glucose fed batch experiment, SBR.M 
exhibited a lower apparent biomass yield than SBR.C, at 0.26–0.34 and 
0.55–0.72 g VSS/g COD, respectively (Fig. 7a). In contrast, the 
maximum COD uptake rate was higher in SBR.M, reaching 20.5 
± 0.02 mg COD/g VSS/h compared with 9.7 ± 0.06 mg COD/g VSS/h 
in SBR.C (Fig. 7b). After reaching this peak, the COD uptake rate in SBR. 
M declined and remained at lower levels until 24 h. Thus, the faster 
initial substrate uptake in SBR.M was not translated into proportional 
biomass formation, indicating weaker coupling between substrate uti
lization and growth [37].

Storage polymer analysis was used to assess whether part of the COD 
that was not converted into biomass was temporarily retained as PHA or 
glycogen (Fig. 7c). During the first 6 h, net storage polymer accumula
tion relative to the initial content reached 21.8 mg COD/g VSS (76 mg 
COD/L) in SBR.C, mainly due to an increase in PHA of 14.3 mg COD/g 
VSS (49.7 mg COD/L). In comparison, SBR.M showed a higher net 
storage accumulation of 26.3 mg COD/g VSS (99.8 mg COD/L), pre
dominantly due to glycogen accumulation of 20.6 mg COD/g VSS (78.4 
mg COD/L). After 24 h, net storage accumulation in SBR.C remained 
relatively stable at 20.7 mg COD/g VSS (72.1 mg COD/L), with PHA 
accounting for 19.4 mg COD/g VSS (67.6 mg COD/L). Conversely, the 
storage products in SBR.M decreased to 14.2 mg COD/g VSS (54 mg 
COD/L), consisting mainly of glycogen at 13.7 mg COD/g VSS (52.1 mg 

Fig. 7. Carbon utilization during batch experiments with sludge from SBR.C and SBR.M. (a) apparent biomass yield and residual COD, (b) COD uptake rate, and (c) 
net PHA and glycogen accumulation and consumed COD.
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COD/L), while net PHA accumulation was only 0.5 mg COD/g VSS (1.9 
mg COD/L). This occurred despite the higher cumulative COD con
sumption in SBR.M than in SBR.C, at 415 and 341 mg COD/L, respec
tively. Intracellular storage allows rapidly assimilable substrate to be 
retained during substrate-rich periods and subsequently mobilized when 
external substrate availability decreases [38,39]. Therefore, the results 
indicate that SBR.M initially directed more carbon toward glycogen 
storage but subsequently mobilized a substantial part of the stored 
carbon. Consequently, its lower biomass yield cannot be explained by 
greater persistent storage polymer accumulation, but rather reflects a 
different distribution and subsequent utilization of the consumed 
carbon.

The bioenergetic and physiological measurements were consistent 
with this altered carbon utilization pattern (Fig. 8). The substrate- 
induced ΔOUR and ΔSOUR were lower in SBR.M, at 36.7 ± 2 mg O2/ 
L/h and 12.5 ± 0.03 mg O2/g VSS/h, respectively, than in SBR.C, at 
63.4 ± 13.7 mg O2/L/h and 19.5 ± 4.3 mg O2/g VSS/h (Fig. 8a–b). This 
indicates a weaker aerobic respiratory response to substrate addition in 
SBR.M. Combined with its faster COD uptake and lower apparent 
biomass yield, the results suggest that the consumed substrate was not 
proportionally directed toward either immediate aerobic oxidation or 
biomass synthesis. Meanwhile, ATP content (Fig. 8c) remained slightly 

higher in SBR.M than in SBR.C, at 0.637 ± 0.01 and 0.519 ± 0.01 µg 
ATP/g VSS, respectively, indicating that the lower growth efficiency was 
not associated with depletion of the intracellular ATP pool.

Previous studies have attributed sludge reduction in ASSR systems to 
metabolic uncoupling, in which catabolic energy generation becomes 
less efficiently coupled to biomass synthesis [36,40]. However, the 
combination of maintained ATP content and lower substrate-induced 
respiration in SBR.M does not correspond to a simple ATP-deficient 
uncoupling mechanism. Instead, the substantially lower ATP content 
in the ASSR sludge, at 0.253 ± 0.005 µg ATP/g VSS, is consistent with 
the consumption of intracellular energy reserves during anaerobic 
exposure. The lower ATP content in the ASSR than in SBR.M is consis
tent with greater use of intracellular energy reserves during anaerobic 
exposure and possible replenishment under aerobic conditions. This 
suggests that part of the substrate-derived energy may have been allo
cated to ATP recovery rather than biomass synthesis [41,42]. Because 
ATP content reflects the intracellular energy pool rather than its pro
duction and turnover rates, this interpretation does not quantify the 
associated energy demand.

SOD activity was higher in SBR.M than in SBR.C, at 0.15 ± 0.03 and 
0.04 ± 0.02 U/mg protein, respectively (Fig. 8d). This indicates a 
stronger cellular stress response, which may be associated with repeated 

Fig. 8. Bioenergetic and physiological characteristics of sludge from SBR.C, SBR.M, and ASSR during operation at 5 mg Fe/L. (a) OUR, (b) SOUR, (c) ATP content, (d) 
SOD activity, and (e) BMP.
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transitions between anaerobic and aerobic conditions and the resulting 
formation of reactive oxygen species [43]. Energy requirements for 
redox regulation, cellular protection, and recovery may consequently 
contribute to non-growth-associated substrate utilization. Nevertheless, 
SOD activity and ATP content do not directly quantify maintenance 
energy. Therefore, increased maintenance demand should be considered 
a plausible contributing process rather than a demonstrated mechanism.

The BMP results further showed that sludge from SBR.M and the 
ASSR had a lower biomethane potential, at 75 ± 9 and 38 ± 6 mL CH4/g 
VS, respectively, than sludge from SBR.C, at 140 ± 11 mL CH4/g VS 
(Fig. 8e and Table S2). These results indicate that less anaerobically 
biodegradable organic matter remained in sludge from the integrated 
system, although they do not identify the preceding carbon trans
formation pathway. Overall, the results support altered carbon utiliza
tion and physiological adaptation in SBR.M, characterized by faster 
substrate uptake, different storage polymer turnover, lower substrate- 
induced respiration, and lower biomass formation. This behavior does 
not provide conclusive evidence of classical metabolic uncoupling, 
while increased non-growth-associated energy demand remains a 
possible contributor to the reduced growth efficiency.

3.5. Microbial community and predicted functional potential

The microbial community composition differed among SBR.C, SBR. 
M, and the ASSR, providing supporting evidence for their contrasting 
physiological characteristics, as shown in Fig. 9. At the family level 
(Fig. 9a), SBR.C was dominated by Rhodocyclaceae (13.49%) and Hal
iangiaceae (15.32%), which are commonly associated with active het
erotrophic growth and substrate assimilation in conventional activated 
sludge systems [44,45], consistent with the higher biomass yield 
observed in SBR.C. In contrast, SBR.M showed a clear shift toward 
groups such as Gemmatimonadaceae (11.78%), which are often linked 
to oligotrophic conditions [46], and several hydrolytic groups, such as 
Saprospiraceae (5.14%) and Fibrobacteraceae (6.19%), are involved in 

the degradation of complex organic substrates [47,48]. The ASSR 
community further reinforces this pattern, with enrichment of Chitino
phagaceae (13.74%), Saprospiraceae (8.26%), and Bacteroidetes vadi
nHA17 (6.29%), indicating a strong potential for hydrolysis and 
fermentation under anaerobic conditions [47,49,50], while the presence 
of Methanosaetaceae (1.26%) suggests limited methanogenic activity.

Genus-level analysis showed similar trends (Figure S3), with greater 
representation of anaerobic-associated and hydrolytic populations in 
SBR.M and the ASSR. The community in SBR.M showed intermediate 
characteristics between the predominantly aerobic community in SBR.C 
and the anaerobically adapted community in the ASSR, which is 
consistent with the continuous exchange of sludge between the two 
reactors. Iron availability may also have influenced microbial meta
bolism because iron participates in several redox-active cellular pro
cesses [51]. However, because microbial communities were only 
analyzed during the 5 mg Fe/L stage, the effects of iron addition cannot 
be distinguished from those of anaerobic exposure and reactor history.

The compositional differences were accompanied by differences in 
PICRUSt2-predicted functional potential inferred from the 16S rRNA 
gene profiles (Fig. 9b). These predictions represent potential metabolic 
capabilities rather than direct measurements of pathway activity. The 
ASSR showed relatively higher contributions of carbohydrate meta
bolism, energy metabolism, and glycan biosynthesis and metabolism, 
consistent with a greater potential for processing complex organic sub
strates under anaerobic conditions [52]. In SBR.M, the relative contri
butions of amino acid metabolism, protein folding, sorting and 
degradation, and translation were higher than in SBR.C. The higher 
predicted amino acid metabolism suggests a greater potential to utilize 
protein-derived substrates, whereas protein folding, sorting and degra
dation more likely reflects intracellular protein turnover and cellular 
adaptation than direct degradation of extracellular or iron-bound pro
teins [53]. These predicted functions could be compatible with the 
iron–protein complexation hypothesis if anaerobic exposure in the ASSR 
increased the availability of protein-derived substrates after the sludge 

Fig. 9. Heatmap of (a) microbial community at family level and (b) predicted metabolic pathways in SBR.C, SBR.M, and ASSR.
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returned to SBR.M. However, PICRUSt2 cannot determine whether 
iron–protein complexes were destabilized or whether the predicted 
functions were actively expressed. Moreover, the limited decrease in 
organic-N and release of NH4

+-N within the ASSR do not support 
extensive protein release and degradation. Therefore, the predicted 
functional profile provides only indirect evidence of protein-related 
processing during cyclic anaerobic–aerobic exposure and does not 
establish iron–protein complex destabilization as the dominant mecha
nism of sludge reduction.

3.6. Mechanistic synthesis of lower sludge production in the integrated 
SBR–ASSR system

Lower sludge production in ASSR-based systems is generally attrib
uted to multiple interacting physicochemical and biological processes 
rather than to a single dominant mechanism. Therefore, this study 
evaluated three proposed mechanisms: direct sludge degradation within 
the ASSR, iron-mediated transformation of proteins and organic matter, 
and altered microbial carbon utilization under cyclic anaerobic–aerobic 
exposure [6,15,37]. These mechanisms were assessed using physico
chemical characterization, mass balances, physiological measurements, 
and microbial community analysis.

The mass balance results did not support direct sludge degradation 
within the ASSR as the dominant mechanism. The COD, nitrogen, and 
VSS mass balances showed that only a limited fraction of the overall 
decrease in observed sludge production could be attributed to net solids 
loss within the ASSR. Most of the lower sludge production was therefore 
associated with reduced net solids formation in SBR.M rather than 
extensive degradation in the side-stream reactor. At 5 mg Fe/L, the 
limited COD and organic-nitrogen transformation within the ASSR 
indicated that anaerobic sludge degradation was not the principal 
mechanism under this condition.

The results also did not support iron-mediated protein and organic- 
matter transformation as the dominant explanation. Previous studies 
on the Cannibal process [13] proposed that under aerobic conditions, 
iron can interact with proteins and humic substances to form iron
–organic matter complexes. Under subsequent anaerobic conditions, 
destabilization of these complexes may increase substrate availability 
and contribute to lower sludge production. However, the present results 
do not support this mechanism as the dominant explanation for sludge 
reduction in the integrated system. Increasing iron dosage increased 
observed sludge yield in both SBR.C and SBR.M, while the relative 
decrease in sludge production remained nearly constant. Thus, although 
iron affected sludge physicochemical properties and organic matter 
retention, iron–organic matter complexation was insufficient to explain 
the lower sludge production in the integrated system.

Among the evaluated mechanisms, the results most consistently 
supported altered carbon utilization and physiological adaptation 
associated with cyclic anaerobic–aerobic exposure. Compared with 
sludge from SBR.C, sludge from SBR.M showed a lower apparent 
biomass yield despite faster initial substrate uptake. The storage poly
mer profiles further showed that the additional substrate uptake was not 
retained as persistent PHA or glycogen, while the lower substrate- 
induced respiratory response indicated that it was also not associated 
with immediate aerobic oxidation. The relatively high ATP content and 
elevated SOD activity were consistent with maintenance of the intra
cellular energy pool alongside a stronger cellular stress response. 
Collectively, these observations indicate altered coupling among sub
strate uptake, storage turnover, respiration, energy conservation, and 
biomass synthesis. They do not demonstrate classical metabolic 
uncoupling or increased maintenance metabolism, although greater 
energy requirements for redox regulation, cellular protection, and re
covery may have contributed to non-growth-associated substrate 
utilization.

This interpretation is also consistent with previous studies showing 
that ASSR performance strongly depends on operational parameters 

such as SRT, SIR, and anaerobic exposure conditions [7]. These pa
rameters determine the intensity and duration of the physiological stress 
imposed during cyclic redox exposure. Lower sludge production may 
therefore occur within an operational window in which the exposure is 
sufficient to reduce biomass yield without substantially impairing mi
crobial activity and treatment performance. The operating conditions 
applied in the present study may fall within such an operational win
dow, although this could not be confirmed because SRT, SIR, and 
anaerobic exposure time were not systematically varied.

The remaining mechanistic uncertainty is whether the lower 
apparent biomass yield was primarily due to an increased maintenance- 
related substrate demand or a lower true growth efficiency, beyond the 
increased net decay associated with the prolonged SRT in the SBR.M- 
ASSR system. Future research should therefore determine the specific 
substrate consumption and biomass growth rates of SBR.C and SBR.M 
sludge under several controlled growth-rate conditions and analyze 
them using the Pirt relationship [54]. Comparing the resulting mainte
nance coefficient and true growth yield would help determine whether 
the lower apparent yield in SBR.M was primarily associated with greater 
maintenance requirements or with less efficient coupling between sub
strate utilization and biomass synthesis.

4. Conclusion

This study evaluated the role of iron dosing and the mechanisms 
governing lower sludge production in an integrated SBR–ASSR system. 
Increasing the iron dose increased the observed sludge yield in both SBR. 
C and SBR.M and enhanced the retention of organic matter and nutrients 
within the sludge matrix, while the relative reduction in observed sludge 
yield remained approximately 47%. Mass balances showed that direct 
solids degradation within the ASSR accounted for only a limited fraction 
of the lower sludge production. These findings indicate that iron 
modified sludge-matrix retention but was not the main mechanism 
responsible for the lower sludge production in SBR.M. Instead, the 
combined batch and physiological analyses supported altered carbon 
utilization under cyclic anaerobic–aerobic exposure, in which substrate 
uptake was less directly coupled to net biomass formation. Thus, further 
research should determine whether the lower apparent biomass yield 
results from increased maintenance-related substrate demand or from a 
lower true growth efficiency.
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