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ABSTRACT

Excess nitrogen and phosphorus in domestic wastewater accelerate eutrophication, yet many biochar-based nu-
trient studies remain dominated by batch tests with limited evidence under continuous-flow conditions relevant
to real treatment units. Magnesium-activated biochar was packed into laboratory-scale columns and operated
under continuous flow while systematically varying bed depth (25 vs 50 cm) and hydraulic configuration. Treat-
ment performance was monitored through influent—effluent nutrient measurements over extended operation,
supported by hydraulic assessment (hydraulic retention time, permeability via Darcy analysis) and surface char-
acterization using SEM before and after filtration. Across all configurations, Mg?"-activated biochar removed
ammonium effectively, with peak removal of 76.69—79.15% achieved within 89 days of operation across all
four configurations, followed by a partial decline (overall trial means ranging 37.91-56.29% depending on
configuration). The best-performing setup (50 cm, downflow—upflow) reached the highest single-day removal
of 79.15% (46.58 mg/L) on day 8 and the highest overall mean removal (56.29% + 15.28%) across the trial.
In contrast, phosphate removal was strongly configuration-dependent: the 25 cm downflow configuration sus-
tained stable removal (65.03% =+ 10.29%) throughout the trial, while the remaining three configurations showed
unstable behavior, with effluent concentrations frequently exceeding influent values, suggesting desorption/
leaching and/or biologically mediated accumulation, and underscoring the importance of filter configuration as
an operational control. Hydraulically, the system achieved an estimated HRT of ~16 h at 25 mL/min, and thicker
media exhibited higher permeability (0.001161 vs 0.000714 cm/s). SEM revealed substantial pore blockage and
fouling after operation, consistent with coupled physical filtration and chemical adsorption processes. Over-
all, Mg**-activated biochar filtration shows strong promise for ammonium polishing with clear configuration-
dependent performance gains, while phosphate management requires targeted operating strategies to prevent
desorption and enable reliable recovery under continuous flow.

Keywords: adsorption, ammonium, biochar, filtration, nutrient, phosphate, wastewater.

482


https://orcid.org/0000-0002-1847-0081
https://orcid.org/0000-0002-7553-669X
https://orcid.org/0000-0001-5488-6298
https://orcid.org/0000-0003-0669-7745

Ecological Engineering & Environmental Technology 2026, 27(9), 482—-495

INTRODUCTION

Nutrient enrichment from domestic wastewa-
ter remains one of the most persistent pressures
on freshwater and coastal ecosystems. Reactive
nitrogen (N) and phosphorus (P) stimulate exces-
sive primary production and can trigger harmful
algal blooms (Ural-Janssen et al., 2024), hypoxia,
and biodiversity loss, especially where nutrient
loads are continuous and receiving waters have
limited assimilative capacity (Kundu et al., 2015;
Panjwani, Cowan et al., 2021). In many develop-
ing and rapidly urbanizing contexts, eutrophi-
cation risks are compounded by variable treat-
ment performance and legacy sources such as
phosphate-containing detergents, which increase
P loading to surface waters (Ricklefs-Johnson et
al., 2023; Wijaya et al., 2023). As a result, nutri-
ent control is increasingly framed as both an en-
vironmental protection priority and a requirement
for resilient water infrastructure.

At the same time, the sector’s narrative is shift-
ing from end-of-pipe “pollutant removal” toward
circular approaches that treat wastewater as a cir-
cular resource stream (Nika et al., 2020; Slootweg,
2020). Nutrient capture and reuse are central to this
transition because N and P are essential for food
systems yet problematic when discharged unman-
aged (Balkrishna et al., 2025; Hartati et al., 2025;
Marcinczyk et al., 2022). The practical implica-
tion is a growing demand for technologies that are
robust under dynamic wastewater characteristic,
simple to operate, and capable of concentrating
nutrients into a solid phase that can be handled,
recovered, or potentially valorised (Nehhal et al.,
2025; Rey-Martinez et al., 2024). These needs are
particularly relevant for decentralized and polish-
ing applications, where compact modular units
can complement biological processes or provide
downstream stabilization of effluent quality (Hof-
mann et al., 2024; Wijaya et al., 2025).

Conventional biological and chemical nutri-
ent-removal processes can be effective, but they
often require specific operational control and
continuous chemical inputs, and they(Czuba et
al., 2021; Wu et al., 2025; Wu and Vaneeckhaute,
2022) do not always support straightforward nu-
trient recovery. These limitations have renewed
interest in adsorption and filtration, which offer a
simple, modular polishing step that can be retro-
fitted to existing treatment trains and can concen-
trate nutrients for potential recovery or reuse (Yu
et al., 2014; Zakrisson et al., 2024). Biochar has

emerged as a promising adsorption medium due
to its low-cost feedstock options, tuneable poros-
ity and surface chemistry, and its alignment with
broader carbon-management and waste valorisa-
tion goals. Recent reviews synthesize a rapidly ex-
panding biochar literature and emphasize that pol-
lutant removal depends strongly on feedstock, py-
rolysis conditions, and post-treatment/activation,
with key mechanisms including ion exchange,
surface complexation, pore filling, and precipi-
tation (Mahmoud, 2018; Perez-Mercado et al.,
2019; Reddy et al., 2014; Zakrisson et al., 2024).
For nutrient control, pristine biochar often shows
inconsistent uptake prompting substantial atten-
tion to engineered biochar modified with metals/
minerals, chemical activation, and functionaliza-
tion to increase selectivity and capacity (Gold-
schmidt and Buffam, 2023; Quispe et al., 2022).

Magnesium modification is especially attrac-
tive for nutrient applications because Mg?" ion can
enhance cation exchange and create reactive sur-
faces that support complexation and precipitation
pathways relevant to both ammonium and phos-
phate (Ha et al., 2023; I. Wijaya, 2025; Xu et al.,
2018). Comparative studies of Mg-loaded biochar
produced from different feedstocks have shown
measurable N and P adsorption, while highlight-
ing the importance of material properties and wa-
ter chemistry in controlling removal pathways and
capacities (Xu et al., 2018). Phosphate binding is
sensitive to pH and competing anions, and modi-
fied biochar can exhibit sharply different perfor-
mance across operational windows (Gong et al.,
2017; Reddy et al., 2025). Moreover, the emerg-
ing literature increasingly connects nutrient re-
covery including approaches where nutrient-laden
biochar is evaluated for fertilizer-related applica-
tions, if capture is stable and product safety can be
demonstrated (Gong et al., 2017; Ren et al., 2023;
Xu et al., 2018). However, this evidence base is
dominated by short-term batch isotherm and ki-
netic experiment, including the two most directly
comparable Mg-loaded biochar studies (Jiang et
al., 2019; Xu et al., 2018), conducted under equi-
librium-shaking conditions with synthetic solu-
tions or urine rather than continuous flow through
a packed bed. How Mg**-activated biochar per-
forms when ammonium and phosphate must
be captured simultaneously from real domestic
wastewater percolating through a fixed bed, where
contact time, flow path, and progressive fouling,
not equilibrium chemistry alone, govern outcomes
remains largely unverified.
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In fixed-bed systems, bed depth and flow con-
figuration directly influence contact time, disper-
sion, and the extent to which reactive sites are
accessed before short-circuiting occurs. Deeper
beds can improve removal by extending the mass-
transfer zone and increasing media inventory, but
may also elevate head loss, increase the risk of
channelling, and accelerate performance decline
under high solids loading (Bulacio Fischer et al.,
2025; Quispe et al., 2022). Flow routing strate-
gies can improve distribution and reduce bypass
but can also modify biofilm development and
clogging dynamics. Broader filtration research,
including work on biologically active layers
and clogging behaviour, illustrates how coupled
physio-chemical and biofilm processes can shape
long-term filtration performance and necessitate
hydraulic diagnostics in addition to water-quality
outcomes (Behjat et al., 2025; Quispe et al., 2023;
Reddy et al., 2014; Zakrisson et al., 2024).

Equally important for nutrient applications is
stability: adsorption systems can transition from
removal to release as media saturate or when water
chemistry changes. This issue is well recognized
in ion-exchange and mineral media used for am-
monium capture, where adsorption—desorption
behaviour can be leveraged for recovery but must
be quantified to avoid uncontrolled release (Mus-
carella et al., 2021). For biochar-based systems,
regeneration feasibility, operational stability, and
end-of-life handling are increasingly considered
essential for moving from promising laboratory re-
sults to deployable treatment units (Perez-Mercado
etal., 2019; Trivedi et al., 2025). Life-cycle assess-
ment studies further show that the sustainability
profile of biochar filters depends strongly on pro-
duction pathways and end-of-life strategies for
spent media, emphasizing the value of designing
systems with realistic reuse or recovery routes in
mind (Osman et al., 2024; Zakrisson et al., 2024).

To close this gap, the present study evaluated
Mg?**-activated biochar filtration under continu-
ous flow using real domestic wastewater, focus-
ing on two immediately actionable design levers,
which are column hydraulic configuration and
bed depth, and linking nutrient performance to
hydraulic behaviour and media surface changes
over a 30-day operating period. By combining
continuous influent—effluent monitoring for am-
monium and phosphate with hydraulic assess-
ment (retention and permeability/head loss) and
SEM-based surface observations, the work aims
to provide engineering evidence that supports
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scale-up decisions for ammonium polishing and
clarifies the operational constraints that must be
addressed to achieve stable phosphate capture
and recovery in biochar-based filtration systems.

METHOD

Experimental design and reactor
configurations

A continuous-flow column study was con-
ducted to evaluate how column configuration and
biochar bed depth influence nutrient behaviour
in Mg**-activated biochar filtration. Four column
filter units were tested in a 2 x 2 matrix: (i) single-
compartment downflow versus (ii) two-compart-
ment downflow—up flow, combined with (iii) Mg-
activated biochar bed depths of 25 cm and 50 cm.
The two-compartment configuration was created
using an internal baffle/partition that forced flow
to pass through a downflow section followed by
an up-flow section to extend contact and improve
distribution. Domestic wastewater was collected
from a stabilization pond at a decentralized do-
mestic wastewater treatment facility in Denpasar
City and used as the influent feed during the con-
tinuous trials. The laboratory scale column filter
illustration can be seen below on Figure 1.

Preparation of Mg**-activated biochar

Biochar was activated with magnesium by
soaking the biochar in a magnesium salt solution
for 24 hours. The biochar was made from temple
waste, wood and coconut fibre waste collected
from local waste collection facilities in Denpasar.
The waste was pyrolyzed at 500 °C (Wijaya et al,
2025). In the final step, 5 kg of biochar was im-
mersed in an MgCl. solution (pH 7; 200 mg/L),
then drained and oven-dried at 105 °C until con-
stant mass. After drying, the Mg?*"-activated bio-
char was stored in sealed containers at room tem-
perature prior to using. To confirm magnesium
loading, biochar samples (before and after activa-
tion) were digested with concentrated HNOs and
H2SO4 (5 mL each) and heated until the digestate
was clear and free of fumes, indicating complete
digestion. Digestates were diluted and analysed
for Mg content by flame atomic absorption spec-
trophotometry (Shimadzu AA-7000F, air—C:H-
flame, 285.2 nm), calibrated against a five-point
standard curve (0-1.6 ppm, r = 0.9988). AAS
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Figure 1. Laboratory-scale column filter reactor: (a) schematic illustration of internal layer configuration and
flow path; (b) photograph of the assembled reactors during operation

confirmed successful magnesium loading: Mg
content increased from 284.20 ppm in the unacti-
vated biochar to 472.33 ppm after MgClz activa-
tion, a 66% increase.

Column construction and media packing

Columns were fabricated from acrylic with a
rectangular cross-section (20 x 20 cm) and an ef-
fective media space height of 60 cm, correspond-
ing to an approximate working volume of 24 L.
For each configuration, the packing sequence
from bottom to top was fine sand (5 cm), gravel (5
cm), Mg**-activated biochar (25 and 50 cm), and
gravel (5 cm). The sand and gravel layers served
as support media to stabilize packing and reduce
particle migration, while the Mg?*"-activated

biochar layer provided the main reactive adsorp-
tion zone. Reactor 1 with single column was
packed with 25 cm (F1) and 50 cm (F2) of acti-
vated biochar. Reactor 2 with two compartments
and packed with each 25 cm (F3) and 50 cm (F4)
respectively.

Continuous operation and sampling

Wastewater was delivered continuously to the
columns using a micropump at a controlled flow
rate of approximately 25-30 mL/min. Each unit
was operated over a 30-day period. Influent and ef-
fluent samples were collected in duplicate at each
sampling event and analysed immediately fol-
lowing APHA 4500-NH3/4500-P (Public Health
Association, 1992). Sampling was performed on
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Table 1. Domestic wastewater sample characteristics

No Indicators Unit Value
1 Total suspended solid mg/L 29
2 Total dissolved solid mg/L 759.6
3 pH - 6-9
4 BOD mg/L 32.26
5 COD mg/L 112
6 Ammonia mg/L 25.8
7 Phosphate mg/L 8.04
8 Conductivity uS/cm 1917

30 operational days. Duplicate concentration val-
ues were used to calculate the mean and standard
deviation reported for each sampling event. The
characteristic of domestic wastewater from the
stabilization pond (Table 1).

Nutrient analysis

Ammonium and phosphate were quantified
by spectrophotometry. Ammonium was measured
at 640 nm and phosphate at 880 nm using appro-
priate colorimetric reagents and calibration stan-
dards. Calibration curves were prepared for each
analytical batch using multi-point standards cov-
ering the expected concentration range. Reagent
blanks were included to confirm baseline stability.

Hydraulic performance indicators

Hydraulic indicators were used to interpret
treatment behaviour in relation to flow conditions
and resistance buildup. Head loss (Ah) across each
column was tracked as an operational indicator of
resistance development and potential clogging.
Headloss was determined from the difference in
hydraulic head between inlet and outlet ports.

Hydraulic retention time (HRT) was estimat-
ed using:

74
HRT = ¢ (1)

where: V' is the working volume and Q is the
flowing rate. Using V'~ 24 L and Q = 25
mL/min (1.5 L/h), the representative HRT
is approximately 16 h.

Permeability (k) was estimated using Darcy’s law:
QXL
T AxAh 2)
where: L is the active bed thickness, 4 is cross-
sectional area, and A/ is head loss.
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Permeability was used to compare hydraulic
behaviour across bed depths and configurations.

SEM analysis of biochar surface
morphology

To support interpretation of adsorption and
fouling mechanisms, biochar media were col-
lected before operation and after the continuous-
flow trials. Samples were dried prior to imaging
and examined by scanning electron microscopy
(SEM) to evaluate changes in pore structure and
surface deposition.

Data processing and performance
calculations

Performance was compared across the four
configurations using time-series profiles and peak
removal periods. Hydraulic indicators (Ah, HRT,
and k) were interpreted alongside nutrient results
to identify transport limitations and resistance
buildup during continuous operation. Removal
efficiency was calculated as:

Removal ef ficiency = @ x 100% (3)
mn

where: C, and C,  are influent and effluent con-
centrations (mg/L), respectively.

RESULTS AND DISCUSSION

Four Mg?*-activated biochar filters were oper-
ated under continuous flow for 30 days, compar-
ing downflow versus downflow—up flow hydrau-
lics and two biochar bed depths (25 and 50 cm).
Overall, ammonium removal showed clear sen-
sitivity to both bed depth and hydraulic configu-
ration, while phosphate behaviour was unstable
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under continuous operation, with effluent con-
centrations frequently approaching or exceeding
influent values across configurations.

Ammonium removal under continuous
Mg?**-activated biochar filtration

All filters exhibited net ammonium removal
throughout the 30-day trial, with peak performance
consistently occurring early in operation (day 89
across all four configurations) followed by a partial
decline. For the 25 cm downflow unit (F1), ammo-
nium removal averaged 37.91% =+ 17.64% across
the monitoring period (mean reduction 20.14
mg/L), with the maximum reduction of 78.38%
(42.63 mg/L) observed on day 9; performance
declined from an early-phase average of 48.62%
(days <9) to 26.86% in the later phase (days >22).
Increasing the bed depth in downflow mode to 50
cm (F2) produced the most temporally consistent
removal pattern of the four configurations, averag-
ing 46.34% + 14.30% overall (peak 77.12% on day
9), with early- and late-phase averages remaining
close (46.80% vs. 47.50%), indicating limited de-
cline over the trial. The 25 cm downflow—upflow
unit (F3) followed a trend similar to F1, peaking at
76.69% (day 9) and declining from an early-phase
average of 55.39% to 29.34% in the later phase, for
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an overall mean 0f44.71% =+ 17.24%. The best-per-
forming configuration was the 50 cm downflow—
upflow unit (F4), which achieved both the highest
overall mean removal (56.29% + 15.28%) and the
highest single-day reduction (79.15%, 46.58 mg/L,
day 8); despite a mild decline from 58.00% (early
phase) to 48.21% (late phase), F4 maintained the
strongest ammonium removal throughout the trial
(Figure 2).

Phosphate behaviour and stability in
continuous mode

Phosphate exhibited a markedly different,
configuration-dependent response than ammo-
nium. The 25 cm downflow unit (F1) achieved
stable and effective phosphate removal through-
out the entire 30-day trial, averaging 65.03% +
10.29% (range 38.41-79.61%), with no net-re-
lease episodes observed at any sampling point.
In contrast, all three remaining configurations
displayed an initial period of modest net removal
(days 2—6, approximately 3—25% for most days,
though F3 reached 49.03% on day 2) followed by
an inversion to net phosphate release beginning
around day 7, after which effluent concentrations
exceeded influent concentrations for most of the
remaining trial. This instability was most severe
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Figure 2. Trends of ammonium concentration in F1, F2, F3, F4
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in the 50 cm downflow—upflow unit (F4), which
showed the most pronounced and persistent re-
lease, averaging —45.88% = 42.81% and falling
below —100% removal on several occasions after
day 19. F2 (50 cm, downflow) showed a similar-
ly severe late-stage decline, averaging —33.36%
+ 37.28% and reaching —92.86% by day 30. F3
(25 cm, downflow—upflow) displayed the mildest
instability of the three unstable configurations,
oscillating between modest positive and negative
removal through day 12 before trending consis-
tently negative thereafter, for an overall average
of —2.60% + 21.58%. These results indicate that
phosphate capture stability was governed less by
bed depth alone than by the combination of shal-
low bed depth and simple downflow hydraulics
(F1); increasing bed depth or introducing down-
flow—upflow staging consistently destabilized
phosphate performance (Figure 3).

Operational interpretation of performance
over time

Across configurations, ammonium results indi-
cate a consistent early-performance window, with
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peak removal occurring on day 8 or day 9 in every
configuration, followed by reduced net removal
as operation progressed. The 50 cm downflow—
upflow unit (F4) maintained the highest removal
throughout the trial despite this decline, while the
50 cm downflow unit (F2) showed the most tem-
porally consistent performance of the four configu-
rations, with early- and late-phase averages nearly
identical. In contrast, phosphate displayed a stable
effective removal window in only one configura-
tion: the 25 cm downflow unit (F1) sustained strong
phosphate removal throughout the full 30-day trial,
while the remaining three configurations (F2, F3,
F4) each inverted to net phosphate release after
approximately one week of operation. This indi-
cates that phosphate capture stability was strongly
dependent on filter configuration rather than being
uniformly unsustainable across the system.

Hydraulic indicators: retention and
permeability

The representative hydraulic retention time
for the laboratory-scale system was approxi-
mately 16 h at a flow rate of 25 mL/min (working
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Figure 3. Trends of phosphate concentration in F1, F2, F3, F4
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volume =~ 24 L). Permeability was estimated us-
ing Darcy-based calculations. Under the same
calculation approach, the 25 cm biochar-bed sys-
tems (F1 and F3; total media thickness 0.40 m)
yielded an estimated permeability of 0.000714
cm/s, while the 50 cm bed systems (F2 and F4; to-
tal media thickness 0.65 m) yielded an estimated
permeability of 0.001161 cm/s. These estimates
indicate that bed depth and the assumed head-loss
term strongly influence the derived permeability
values used for comparative interpretation.

SEM evidence of media surface evolution
during operation

SEM observations showed pronounced
changes in surface morphology after continu-
ous operation. Previous study has presented the
fresh Mg?*-activated biochar exhibited open,
heterogeneous pore networks and relatively
clean pore walls (I. Wijaya, 2025). After filtra-
tion, the media surfaces showed substantial pore
blockage and deposited materials, including fine
particulates and amorphous layers occupying
pore entrances and internal channels. The ob-
served transition is consistent with progressive
fouling and reduced accessible porosity during
continuous operation, which aligns with the

time-dependent shifts observed in nutrient re-
moval performance (Figures 4, 5).
Mg?*-activated biochar filtration achieved ro-
bust and design-responsive ammonium removal,
with maximum reductions ranging from 57% to
79%. The highest peak performance and the most
stable later-stage behavior were obtained with
the 50 cm downflow—upflow configuration (F4).
Phosphate behavior was unstable in continuous
mode across all configurations, frequently ex-
hibiting effluent concentrations above influent.
Hydraulic estimates and SEM observations col-
lectively indicate that media thickness and pro-
gressive pore blockage/fouling are important op-
erational factors shaping long-run performance.

DISCUSSION

The continuous-flow results highlight a key
practical distinction between nutrient removal
observed under controlled adsorption tests and
the behaviour that emerges when reactive media
are operated as unit processes. Across all con-
figurations, ammonium removal showed a clear
early-performance window followed by declining
or stabilizing removal, which is consistent with
fixed-bed systems where a high initial driving

Figure 5. SEM analysis for the 50 cm biochar medium
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force and abundant available sites gradually give
way to site occupation, intraparticle diffusion
limits, and changing surface chemistry over time
(Baaloudj et al., 2025; Zhang et al., 2025). This
outcome reinforces calls from recent reviews that
emphasize the need to validate biochar perfor-
mance in process-relevant modes (e.g., column
filtration) rather than relying predominantly on
batch datasets, especially when the intended ap-
plication is continuous treatment or polishing
(Jagadeesh and Sundaram, 2023; Quispe et al.,
2022; Trivedi et al., 2025).

In contrast, phosphate did not show sustained
net removal and frequently exhibited effluent
concentrations above influent. Similar discrep-
ancies between batch expectations and column
performance are increasingly reported for engi-
neered adsorbents when real wastewater matrices
introduce competing ions, particulate retention,
and biological activity that alter apparent removal
signals (Perez-Mercado et al., 2019; Quispe et al.,
2022). The phosphate behavior is therefore not a
peripheral issue; it is a central operational find-
ing that clarifies the boundary conditions under
which Mg?*-activated biochar filtration can be de-
ployed as a reliable nutrient control step.

How bed depth and hydraulic staging
improved ammonium performance

Two design levers produced consistent direc-
tional improvements for ammonium: increased
bed depth and staged downflow—up flow hydrau-
lics. A deeper bed increases reactive media inven-
tory and expands the mass-transfer zone, reduc-
ing the likelihood that ammonium exits the col-
umn before contacting active sites. Staged rout-
ing (downflow followed by up flow) can improve
flow distribution and mitigate short-circuiting,
which becomes increasingly important as pore
networks evolve during operation and preferen-
tial pathways develop(Quispe et al., 2022; Susi-
lawati et al., 2023). The superior peak and later-
stage behaviour of the deeper staged configura-
tion is therefore consistent with fixed-bed design
principles and with recent work showing that
optimized downflow fixed-bed systems can sus-
tain treatment performance longer when hydro-
dynamics and media accessibility are addressed
explicitly (Baaloudj et al., 2025).

Mechanistically, ammonium capture on bio-
char is typically associated with cation exchange,
electrostatic attraction to oxygen-containing
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functional groups, and interactions with mineral
phases introduced during modification (Jaga-
deesh and Sundaram, 2023; Jiang et al., 2019).
Mg loading is expected to enhance surface reac-
tivity and alter ionic interactions, and feedstock-
dependent studies have shown that Mg-modified
biochars can substantially improve nutrient ad-
sorption relative to unmodified materials, though
with high sensitivity to material properties and
operational conditions (Jiang et al., 2019). At
the same time, several assessments caution that
ammonium sorption capacities reported for bio-
char can be overestimated when conditions are
idealized or when competing processes are not
accounted for, underscoring the value of con-
tinuous-flow evidence like that provided here
(Weldon et al., 2022).

Interpreting phosphate instability in
continuous mode

Phosphate capture was not uniformly unsta-
ble across configurations: the 25 cm downflow
unit (F1) sustained effective removal through-
out the 30-day trial, whereas the remaining
three configurations (F2, F3, F4) each tran-
sitioned from modest early removal to recur-
ring net phosphate release after approximately
one week of operation. Several non-exclusive
mechanisms can plausibly explain both the
instability observed in F2-F4 and its absence
in F1. First, phosphate desorption can occur
if binding is dominated by weak electrostat-
ic interactions that are sensitive to pH, ionic
strength, or competition from bicarbonate,
sulphate, and dissolved organics typical of do-
mestic wastewater (Jagadeesh and Sundaram,
2023; Quispe et al., 2022). Second, physically
retained particulate or organic phosphorus can
be mineralized within the bed, releasing ortho-
phosphate downstream and producing apparent
“negative removal” even if some adsorption
is occurring simultaneously (Bai et al., 2024;
Quispe et al., 2022). Third, biofilm growth can
temporarily immobilize phosphorus and later
release it through sloughing, lysis, or changing
microenvironments, phenomena widely recog-
nized in filtration systems where biologically
active layers develop during continuous op-
eration (Bai et al., 2024; Quispe et al., 2022;
Verma et al., 2024).

All three mechanisms would be expected
to intensify with greater bed depth and with
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downflow—upflow staging: a deeper bed retains
solids and biomass for longer, extending the
residence time available for biofilm develop-
ment and mineralization, while upflow staging
increases hydraulic mixing and contact with
previously deposited material. This is con-
sistent with F1 (the shallowest bed, simplest
downflow path) remaining stable while F2—-F4
destabilized. This contrast with the literature is
most informative when viewed alongside the
divergence between configurations: batch equi-
librium studies of Mg-loaded biochar report
substantial net phosphate uptake (up to 116
mg P/g in Xu et al., 2018; up to 31 mg P/g in
Jiang et al., 2019), yet under continuous flow
with real domestic wastewater the same Mg-
activation chemistry produced net phosphate
release in three of the four tested configura-
tions (F2—F4). A shaken-batch equilibrium test
is structurally unable to surface this behaviour,
since desorption and leaching dynamics only
emerge as flow, bed saturation, and biological
activity evolve over sustained operation — un-
derscoring why the continuous-flow evaluation
performed here is necessary, not merely incre-
mental, for assessing deployment readiness.
Notably, F1’s sustained removal shows that
this batch-to-continuous gap is not universal
but configuration-dependent, reinforcing the
case for testing candidate designs under real-
istic hydraulic conditions rather than assuming
batch-derived capacities will translate directly
to field performance. From a design standpoint,
these results suggest that Mg?* activation alone
is not sufficient to guarantee stable phosphate
capture in real-wastewater columns, and that
process controls and/or hybrid media strategies
are needed. This aligns with broader nutrient
recovery literature emphasizing that engineered
biochar can support nutrient capture, but per-
formance and stability depend strongly on how
the system manages equilibrium shifts and me-
dia saturation during operation (Marcinczyk et
al., 2022; Wu and Vaneeckhaute, 2022). Prac-
tically, conditioning protocols (pre-washing/
leaching tests), operational monitoring (pH and
conductivity), and layered-bed designs that add
a stronger phosphate-selective sorbent stage
are reasonable next-step pathways to convert
phosphate instability into a controllable recov-
ery route (Samaraweera et al., 2023; Wu and
Vaneeckhaute, 2022; Zeng et al., 2013).

Fouling, pore accessibility, and why
performance changes over time

SEM micrographs of the spent Mg?*-activated
biochar recovered after continuous filtration
showed a clear depth-dependent evolution of pore
accessibility and surface deposition. The biochar
from the 25 cm bed largely retained its plant-
derived cellular architecture, with a well-defined
macropore network and many pore mouths re-
maining open. At higher magnification, deposits
were present but appeared mainly as localized
particulate attachments within pores and along
pore edges rather than as a continuous coating.
This morphology suggests that a substantial frac-
tion of the internal pore volume and reactive sur-
face remained accessible to flow and diffusion,
supporting sustained contact between dissolved
nutrients and adsorption sites during the early op-
erating period.

In contrast, the biochar collected from the 50
cm bed exhibited more extensive surface cov-
erage and pore occlusion. Compared at similar
magnifications, pore throats were more frequent-
ly narrowed or blocked by granular deposits and
fine particulates, and the pore walls appeared
more heavily coated. Plate-like fragments and
clustered aggregates were also more prominent,
indicating stronger accumulation of retained sol-
ids and/or precipitated phases within the deeper
bed. These features imply a reduction in effective
porosity and increased tortuosity, which can con-
strain intraparticle diffusion and shift the system
toward transport-limited behavior during pro-
longed operation.

Overall, the SEM comparison indicates that
increasing bed depth from 25 cm to 50 cm can in-
tensify fouling and pore blockage under continu-
ous real-wastewater loading, likely because deeper
beds provide a larger capture volume for suspend-
ed solids and a longer residence time for deposi-
tion, biofilm development, and secondary phase
formation. Such depth-associated pore occlusion
is consistent with broader observations in biochar-
based column filtration and other porous-media
filtration systems, where long-run performance
is often governed by clogging, surface coating,
and evolving hydraulics rather than only intrinsic
adsorption capacity (Baaloudj et al., 2025; Bai et
al., 2024; Quispe et al., 2022). This morphological
evidence provides a plausible structural basis for
time-dependent shifts in nutrient removal during
continuous operation and highlights the practical
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importance of solids pre-treatment, bed design,
and regeneration/replacement planning when im-
plementing deeper biochar beds in engineered fil-
tration units (Baaloudj et al., 2025; Jagadeesh and
Sundaram, 2023; Trivedi et al., 2025).

Implications for engineering deployment
and nutrient recovery

The results support Mg?"-activated biochar
filtration as a promising polishing option for am-
monium, especially when implemented with suf-
ficient bed depth and hydraulics that reduce short-
circuiting. For practical deployment, the findings
imply that upstream solids management (e.g., set-
tling/screening) and operational strategies to slow
fouling are likely to extend effective media life-
time, consistent with filtration literature that links
solids loading to clogging rates and performance
decay (Bai et al., 2024).

For phosphate, the main implication is that
stability must be designed rather than assumed.
Options include (i) media conditioning and leach-
ing control to reduce release artifacts; (ii) opera-
tional control of pH/ionic strength; (iii) layered
or hybrid beds that include a dedicated phos-
phate-selective stage; and (iv) recovery-oriented
coupling where mobilized phosphate is captured
downstream in a controlled precipitation or ad-
sorption unit (Gao et al., 2024; Marcinczyk et
al., 2022). Importantly, this aligns with sustain-
ability and circularity considerations: if spent
biochar is intended for beneficial reuse (e.g., as a
soil amendment), both nutrient retention stability
and environmental trade-offs must be evaluated,
as highlighted in life cycle and systems analyses
of biochar filtration concepts (Behjat et al., 2025;
Osman et al., 2024; Wu and Vaneeckhaute, 2022).

Proximate analysis of the spent (post-adsorp-
tion) biochar recovered from this study supports
this reuse potential: across the four reactors, the
used media retained 0.29% N, 710.23 mg/kg P,
and 9042.56 mg/kg K, with 28.88% organic car-
bon (C/N ratio 99.59), indicating meaningful nu-
trient enrichment alongside a carbon-rich matrix
consistent with soil amendment value.

Study limitations and next research

Three limitations shape the interpretation
and define priority next experiments. First, phos-
phate stability is difficult to resolve mechanis-
tically without concurrent monitoring of pH,
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conductivity/alkalinity, and dissolved organic
matter, which are known to influence phosphate
binding and release pathways in engineered sor-
bent systems. Second, fixed-bed comparisons are
strengthened by reporting breakthrough behav-
iour in normalized units (e.g., bed volumes treat-
ed) and by including replicate runs or repeated
cycles to quantify variability in real wastewater
operation. Third, proximate characterization (N,
P, K, organic carbon) was performed only on the
spent biochar recovered after continuous opera-
tion; corresponding analysis of the fresh, pre-ac-
tivation material was not conducted in this study,
which limits direct attribution of nutrient enrich-
ment to adsorption versus baseline feedstock
composition.

Future work should therefore (i) couple
nutrient time series with pH and conductivity
tracking to diagnose release drivers; (ii) report
performance as both concentrations and cumula-
tive mass removal versus bed volumes; (iii) test
conditioning and regeneration protocols to quan-
tify controlled desorption and recovery potential,
drawing on established adsorption—desorption
frameworks from ion-exchange column systems
(Konneh et al., 2021; Muscarella et al., 2021);
and (iv) evaluate layered-bed or hybrid configu-
rations explicitly designed to stabilize phosphate
capture while preserving ammonium polishing
performance [8,16].

Overall, Mg?"-activated biochar columns
demonstrated robust ammonium removal with
clear sensitivity to bed depth and hydraulic stag-
ing, supporting their potential role as modular
polishing units. Phosphate behaviour, however,
was unstable under continuous real-wastewater
operation, indicating that reliable P capture will
require additional controls or hybridization. By
linking nutrient trends with hydraulic and SEM
evidence, the study clarifies both the opportunity
(ammonium polishing) and the constraint (phos-
phate stability) that must be addressed to translate
Mg?*-activated biochar filtration from promising
material concept to dependable treatment and re-
covery technology in practice.
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