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Abstract

The removal of nitrogen and phosphorus from wastewater with low organic carbon content requires
the addition of an external carbon source. The objective of this study was to assess the influence of
hydraulic retention time (HRT) on the efficiency of external carbon source utilization and on
nitrogen and phosphorus removal in a Rotating Electro-Biological Disc Contactor (REBDC). The
energy demand was evaluated based on energy consumption (E) and current efficiency (CE).
Hydroponic tomato wastewater was treated in the REBDC at a constant current density of 2.5 A/m?2.
Sodium acetate was used as the carbon source. Two C/N ratios were tested: 2.0 and 3.0, under HRT
conditions of 24 h and 48 h. For both C/N ratios, extending the HRT resulted in decreased nitrogen
removal efficiency. At HRT =48 h and C/N = 3.0, the nitrogen concentration in the effluent was more
than three times lower compared with C/N = 2.0. The highest phosphorus removal efficiency was
achieved at C/N = 3.0 and HRT=48h (98.8%). Increasing the HRT led to reduced TOC utilization for
both C/N ratios. As a consequence of extended HRT, lower CE values and higher E values were
observed, indicating increased energy demand for nutrient removal.

Keywords: nutrient removal; external carbon source utilization; rotating electro-biological disc
contactor (REBDC); effects of HRT extension; energy consumption; current efficiency

1. Introduction

When wastewater contains insufficient biodegradable organic compounds relative to its
nitrogen and phosphorus load, biological denitrification and enhanced biological phosphorus
removal require the addition of an external carbon source [1]. The efficiency of heterotrophic
denitrification in biological and electro-biological systems depends not only on environmental
conditions but also on the quantity and type of organic carbon available. This carbon may originate
from internal sources (i.e., organic matter present in wastewater) or from externally supplied
compounds. Denitrifying microorganisms oxidize organic substrates and use them as electron donors
in the respiratory pathway.

External carbon sources previously applied in wastewater treatment include acetic acid, citric
acid, methanol, ethanol, molasses, starch, acetone, alanine, casein, citrates, glucose, glycol, acetates,
and various industrial waste streams from the agri-food sector [2].

In reactors with suspended biomass, complete denitrification is achievable with an organic
matter to nitrogen ratio of 2.3 mg BODs/mg NOs—N. Approximately 4-5 mg COD is required to
convert 1 mg NOs—N to N2. When methanol is used, the requirement is approximately 2.5 mg
methanol per mg NOs—N, accounting for biomass synthesis [3]. In the denitrification process, the
removal of 1 mg nitrate requires 3.0-4.0 mg COD in the form of acetic acid. Substrate consumption
ranges from 0.07 mg LKT/(g MLVSS-d) at C/N < 2 to 0.26 mg LKT/(g MLVSS-d) at C/N > 2 [4].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In electro-biological systems where hydrogenotrophic denitrification occurs, the theoretical
carbon requirement is markedly lower. For every 1 mg of NOs—N reduced to nitrogen gas, only 0.20
mg C as bicarbonate or 0.12-0.21 mg C as carbon dioxide is needed, allowing complete
hydrogenotrophic denitrification under favorable conditions [5].

Despite these theoretically low requirements, experimental studies indicate that carbon
availability rarely limits microbial acclimation under elevated carbon doses. An excessive C/N ratio
may lead to nitrite (NO2) accumulation or formation of non-gaseous nitrogen compounds, whereas
too low of a ratio results in incomplete denitrification [6]. A C/N ratio of 7.85 mg C/mg N has been
shown to ensure complete denitrification, while full removal of nitrate and nitrate was achieved at a
mass ratio of 0.504 mg C/mg N [7].

Compared with nitrogen removal, organic carbon supplementation has a substantially weaker
influence on phosphorus removal efficiency. Studies indicate that high C/N ratios reduce biological
phosphorus removal due to the proliferation of glycogen-accumulating organisms (GAO), which
compete with phosphorus-accumulating organisms (PAO) for carbon and do not store phosphorus
[8].

Excessive carbon dosing may also negatively affect effluent quality. Elevated concentrations of
BODs, COD, TC, TOC, and DOC have been observed in systems receiving external carbon inputs.
Although additional carbon may enhance nitrogen and phosphorus removal, it may simultaneously
increase the concentration of residual organic matter in the treated effluent relative to the influent [9].

Extending the hydraulic retention time (HRT) may improve the utilization efficiency of
externally supplied carbon in both biological and electro-biological reactors. Longer HRT enhances
the duration of biochemical and electrochemical reactions, supports biofilm stabilization, maintains
favorable redox conditions, and promotes efficient denitrification, nitrate electroreduction, and
biological phosphorus removal. Simultaneously, in reactors containing biofilm and suspended
biomass, extended HRT may induce secondary processes that limit complete carbon oxidation,
resulting in residual organic compounds in the effluent [10,11].

Previous studies by the authors on biological and electro-biological reactors treating wastewater
from hydroponic tomato production (operated at a current density of ] =2.5 A/m?) demonstrated that
extending HRT should increase nitrogen removal efficiency and improve external carbon utilization
[10,11]. Increasing current density was deemed unfavorable, as it would raise both operational and
capital costs [12]. Those studies further indicated that the optimal C/N ratio should range between
2.0 and 3.0, as this range ensured high nitrogen removal efficiency together with enhanced
phosphorus removal [9].

In reactors operating under applied electrical current, such as REBDC, it is essential to assess the
effect of HRT not only on nitrate removal but also on current efficiency (CE), a key indicator of
denitrification performance in bio-electrochemical systems. CE represents the fraction of applied
electrical current used for hydrogen generation, which serves as the electron donor for
hydrogenotrophic denitrification [13]. Previous studies have shown that improperly selected HRT
and current settings reduce CE, primarily due to hydrogen losses caused by insufficient contact
between substrates and active biofilm. In contrast, energy consumption (E) indicates the specific
energy demand of the phosphorus removal process via electrocoagulation occurring in REBDC
[13,14]. Thus, while increasing HRT may enhance nutrient removal due to more complete carbon
utilization, it may also increase energy demand and decrease CE.

The objective of this study was to evaluate the effect of extended HRT in an electro-biological
reactor on nitrogen and phosphorus removal efficiency, external carbon source utilization, and
reduction of residual organic compounds in the effluent, as well as to assess the energy-related
implications of extended retention time.

The study included determining nitrogen, phosphorus, and carbon removal efficiencies in an
REBDC supplemented with an external carbon source and comparing the results to those obtained
in a Rotating Biological Disc Contactor (RBDC). Additionally, the effect of prolonged HRT on energy
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consumption during denitrification and phosphorus removal processes was assessed by calculating
E and CE at HRT values of 24 h and 48 h.

The experiments were conducted using wastewater from soilless tomato cultivation
characterized by low carbon content and high nitrogen and phosphorus concentrations. Due to the
low initial C/N ratio, sodium acetate was added to achieve C/N ratios of 2.0 and 3.0. A constant direct
current density of 2.5 A/m? was applied in the electro-biological reactor.

2. Materials and Methods

Effluent from hydroponic tomato cultivation on mineral wool substrate operated in an open-
loop system was used in this study. The cultivation facility was located in Legajny, Poland.
Wastewater was collected during a defined growth phase and stored for use throughout the three-
month research period to ensure stable influent characteristics. The raw wastewater quality
parameters were as follows: pH 7.69 + 0.37; electrical conductivity (EC) 5.66 + 0.10 mS/cm;
temperature 21.5 + 1.4 °C; total organic carbon (TOC) 24.56 + 1.2 mg C/L; total carbon (TC) 39.07 +1.2
mg C/L; inorganic carbon (IC) 16.7 + 1.2 mg C/L; total nitrogen (TN) 357.1 £ 9.7 mg N/L; ammonium
nitrogen (NH4~N) 0.05 + 0.01 mg N/L; nitrites (NO,—N) 1.69 + 0.07 mg N/L; and total phosphorus
(TP) 11.06 + 4.4 mg P/L.

The wastewater exhibited a low carbon-to-nitrogen ratio (C/N), with more than 99% of total
nitrogen present in the form of nitrate (NOs").

The treatment trials were performed using laboratory-scale rotating disc reactors (RDCs),
consisting of a Rotating Biological Disc Contactor (RBDC) and a Rotating Electro-Biological Disc
Contactor (REBDC), with four parallel units of each type. Each reactor contained eight discs with a
diameter of 22 cm, providing a total active surface area of 0.56 m2. The discs were immersed to 40%
of their diameter in the liquid phase. The working liquid volume of each unit was 2.0 L, and the
rotation speed was maintained at 10 rpm (Figure 1).

Figure 1. Scheme of unit experimental model: 1 — laboratory power supply, 2 — discs (cathode), 3 — anode, 4 —

tank, 5 — electric engine.

In the REBDC, aluminum plate electrodes mounted on the reactor walls served as the anode,
while stainless steel discs served as the cathode. A programmable DC power supply (HANTEK
PPS2116A, China) provided a constant current density of 2.5 A/m2 Sodium acetate was dosed to
maintain C/N ratios of 2.0 and 3.0 (TOC = 592 + 4.2 mg C/L) to support biofilm growth. Activated
sludge collected from the denitrification zone of a municipal wastewater treatment plant in Olsztyn
was used as inoculum. A four-week acclimation period was applied, after which the reactors
operated for an additional two months. Experimental conditions included hydraulic retention times
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of 24 h and 48 h at a controlled temperature of 20-22 °C. A schematic of the experimental setup is
presented in Figure 2.

C/N=2.0 C/N=3.0

RBDC RBDC
J=0.0 A/m? 1=0.0 A/m?2
REBDC REBDC
J=2.5 A/m? J=2.5 A/m?

Figure 2. The research scheme.

Physicochemical analyses of raw and treated wastewater were performed on filtered samples.
Samples were collected every 24 h, and 24 analytical results per operating condition were used to
calculate mean values. TOC, TC, IC, and TN concentrations were measured using a TOC-L CPH/CPN
analyzer (Shimadzu, Japan) employing oxidative combustion—infrared detection for carbon and
combustion—chemiluminescence for nitrogen. Additional physicochemical parameters were
measured using a UV-VIS DR 5000 spectrophotometer (HACH Lange, Germany) with standard
cuvette test procedures for total phosphorus (TP) (LCK 348-350), ammonium nitrogen (NH4*-N), and
nitrites (NO,—N) (LCK 303 and LCK 342). Electrical conductivity, pH, and temperature were
monitored using a CX-461 multiparameter meter (Elmetron, Poland).

The efficiency of hydrogenotrophic denitrification was calculated using Equation (1) [15]:

c in—C e 5-C eff3
_ ((CNo, NOj eff) 5=CNO, eff3) .26.8 - _Q . 100% @D

CE
141 1000

where:

Cno,in—nitrate concentration in the influent (mg N/L),

Cnosefp—Titrate concentration in the effluent (mg N/L),

Cno,,; —Nitrite concentration in the effluent (mg N/L),

Q—flow rate (mL/h),

I—current applied in the reactor (mA);

Energy consumption associated with phosphorus removal via electrocoagulation was calculated
using Equation (2) [16]:

U-1-t

E=r
(Coin — Cpesr) V

(kWh/g phosphorus removed) )
where:

U—cell voltage (V),

I—current applied in the reactor (A),

t—electrocoagulation time (h),

Crin—phosphorus compounds concentration in the influent (mg P/L),

Crr— phosphorus compounds concentration in the effluent (mg P/L),

V—treated wastewater volume (L).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results and Discussion

3.1.pH

The initial pH of the influent wastewater was 7.69 + 0.37, which reflected the hydroponic nutrient
composition and the additives used during the cultivation period. The measured value was
consistent with previously reported ranges for similar wastewater types [10,11]. During treatment,
an increase in pH was observed in both reactors (Figure 3), and similar growth patterns were noted
regardless of operational conditions. Extending the HRT contributed to a higher pH in both the
biological and electro-biological systems, with consistently higher values recorded in the REBDC.
Additionally, higher C/N ratios resulted in elevated pH levels compared with those obtained at C/N
= 2.0, confirming trends reported earlier by Rodziewicz et al. [9].

12
10 9.26 9:48 9.3 9-63 9.36 9:57 9.45 9-81
I I
8 7.69
e 6
[=¥
4
2
0
raw wastewater C/N=2 C/N=3
B J=0.0 A/m2 HRT=24 h  J=2.5 A/m2 HRT=24 h
W J=0.0 A/m2 HRT=48 h m J=2.5 A/m2 HRT=48 h

Figure 3. The effect of the C/N ratio and HRT on effluent pH.

In all cases, the pH of the effluent became alkaline, exceeding 9.2. The highest values were
recorded in the REBDC, reaching 9.63 and 9.81 at HRT =48 h for C/N ratios of 2.0 and 3.0, respectively.
In the RBDC, the highest effluent pH values were 9.36 and 9.45, both observed at C/N = 3.0 and HRT
=48 h.

The pH value was primarily influenced by sodium acetate addition, which is alkaline and was
supplied to achieve the target C/N ratio. Therefore, wastewater supplemented to C/N = 2.0 initially
exhibited lower pH than wastewater at C/N = 3.0 immediately after dosing. Subsequent differences
between RBDC and REBDC pH values resulted from reactor-specific biochemical and
electrochemical processes.

In the RBDC, the pH increase was attributed to heterotrophic denitrification, where conversion
of one mole of NOs™ results in the formation of one mole of OH, elevating alkalinity. Additionally,
the biochemical reduction of nitrate to gaseous nitrogen contributes to increased pH [12].

In the REBDC, the same biological processes occurred; however, additional mechanisms further
elevated pH. Electrolysis of water generated OH- ions at the cathode, increasing alkalinity, and
hydrogenotrophic denitrification consumed one mole of H* per mole of NO,™ reduced to N, gas. This
reaction increases the system’s alkalinity by approximately one equivalent of base per equivalent of
nitrogen removed, corresponding to 3.57 mg CaCO; per mg N [12].

In both reactors, extending HRT from 24 h to 48 h resulted in higher effluent pH values, with the
effect more pronounced in the REBDC due to cathodic OH- generation, a process absent in the RBDC
[9,12].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.2. Electrical Conductivity (EC)

Electrical conductivity is a parameter commonly used to assess the concentration of dissolved
nutrients in hydroponic solutions. During the experiment, the EC of the raw wastewater averaged
5.60 mS/cm (Figure 4), which was slightly higher than typical values reported in the literature.
Standard EC values for hydroponic nutrient solutions range from 1.5 to 4.5 mS/cm [10]. This increase
reflects partial nutrient uptake during tomato cultivation.

20
15.09
15
11.46 11'3210'71 12.46
9.37
8 10 9.07 201 I
5.6 1
5
0
raw wastewater C/N=2 C/N=3
B J=0.0 A/m2 HRT=24 h J=2.5 A/m2 HRT=24 h
W J=0.0 A/m2 HRT=48 h W J=2.5 A/m2 HRT=48 h

Figure 4. The effect of the C/N ratio and HRT on the electrical conductivity (EC) of the effluent.

EC values measured in the biological reactor were higher than those observed in the electro-
biological reactor for both C/N ratios. Extending the hydraulic retention time contributed to an
increase in EC in the effluent from both the RBDC and REBDC. At C/N = 2.0, EC values in the RBDC
were 9.07 and 11.46 mS/cm for HRT = 24 h and 48 h, respectively, while corresponding values in the
REBDC were 8.01 and 9.37 mS/cm. When a higher carbon dose was applied (C/N =3.0), the EC values
increased further, reaching 11.32 and 15.09 mS/cm for the RBDC and 10.71 and 12.46 mS/cm for the
REBDC at HRT =24 h and 48 h, respectively.

These results demonstrate that EC increased with higher organic substrate doses in both
reactors. The change was influenced by the addition of sodium acetate, which is a strong electrolyte
with high conductivity, as well as by biological and electrochemical reactions occurring
simultaneously, including heterotrophic denitrification, hydrogenotrophic denitrification, and
electrochemical nitrate reduction, which reduce nitrate concentrations in the treated wastewater [17].

Nitrogen removal via denitrification in the REBDC contributes to a reduction in solution
conductivity [18]. Previous findings confirmed that lower EC values in effluent from electro-
biological systems result from the higher denitrification efficiency and lower residual nitrogen
concentration compared with biological systems [9].

Therefore, the lower EC values recorded in the REBDC effluent were most likely associated with
more efficient nitrate removal and consequently lower nitrogen concentrations in the treated
wastewater [9].

3.3. Total Nitrogen (TN)

Nitrogen removal efficiency in the electro-biological reactor was higher than in the biological
reactor for both applied C/N ratios (Figure 5). This trend is reflected in the effluent nitrogen
concentrations. At C/N =2.0 and HRT =24 h, the effluent TN concentration from the RBDC was 147.80
+13.2 mg N/L, whereas in the REBDC it was significantly lower at 32.61 + 2.3 mg N/L, corresponding

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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to nitrogen removal efficiencies of 58.6% and 90.9%, respectively. Extending the HRT to 48 h resulted
in decreased nitrogen removal efficiency in both systems, reaching 55.9% in the RBDC and 71.1% in
the REBDC, with effluent concentrations of 157.67 + 11.3 mg N/L and 103.10 + 10.9 mg N/L,

respectively.
400 357_.06
350
— 300
=
B 250
‘E' 200
z 14780  157.67
O 150 L0310 105.52
100 '
50 32.61 3842 o7 41 [ 34.62
0 : m-Na
raw wastewater C/N=2 C/N=3
W ]J=0.0 A/m2 HRT=24 h = J=2.5 A/m2 HRT=24 h
W J=0.0 A/m2 HRT=48 h m ]J=2.5 A/m2 HRT=48 h

Figure 5. The effect of the C/N ratio and HRT on the concentration of total nitrogen (TN) in the effluent.

At C/N =3.0 and HRT =24 h, effluent TN concentrations were 38.42 + 5.65 mg N/L for the RBDC
and 27.41 + 3.70 mg N/L for the REBDC. Under these conditions, both reactors demonstrated
substantially higher nitrogen removal efficiencies than at C/N = 2.0, reaching 89.4% in the RBDC and
92.3% in the REBDC. Given an influent TN concentration of 357.06 + 21.2 mg N/L, these results
confirm that at C/N = 3.0 and HRT =24 h, removal efficiencies approaching 90% can be achieved, with
the electro-biological configuration performing slightly better.

Increasing the amount of external organic carbon was therefore an effective operational strategy,
even though the initial nitrogen and phosphorus concentrations in the wastewater were lower than
those reported in earlier research [9]. In the RBDC, nitrogen removal resulted from heterotrophic
denitrification and assimilation by biofilm microorganisms. In contrast, nitrogen removal in the
REBDC was additionally supported by hydrogenotrophic denitrification and electrochemical nitrate
reduction, processes characteristic of systems with direct current application. These findings are
consistent with previously reported work by Rodziewicz et al. [19] and Chen et al. [20].

The efficiency of hydrogenotrophic denitrification is influenced by wastewater pH, with an
optimal range of 7.6-8.6 [20]. However, denitrifying microorganisms may have varying pH tolerance
ranges depending on microbial composition [21]. In electro-biological reactors, pH increases due to
both biological denitrification and electrochemical reactions, resulting in elevated alkalinity. This
condition promotes nitrite accumulation and may inhibit the rate of further nitrate removal.
Additionally, nitrite formation is a known intermediate of electrochemical nitrate reduction [18]. In
the biological reactor, increased nitrite concentrations may also result from limited diffusion of
acetate into deeper biofilm layers, where the final reduction step from NO2-to N2 occurs [18,22]. This
effect was less pronounced in the REBDC, likely due to the release of gaseous electrochemical reaction
products, which enhanced mass transfer within the biofilm [12].

At the same C/N ratio (3.0) and extended HRT of 48 h, effluent TN concentrations increased in
both systems, reaching 105.5 + 19.8 mg N/L in the RBDC and 34.6 + 6.80 mg N/L in the REBDC. In the
biological reactor, this value was 2.7 times higher than at HRT =24 h, whereas in the electro-biological
reactor the increase was only 1.26-fold. Notably, at C/N = 3.0 and HRT = 48 h, effluent TN in the
REBDC was more than three times lower than at the same HRT with C/N = 2.0.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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These results indicate that extending the HRT in the electro-biological reactor is technologically
justified, as it supports higher nitrogen removal efficiency when sufficient organic carbon is supplied.

3.4. Nitrites and Ammonium Nitrogen

The results indicate that nitrite accumulation occurred during treatment in both the biological
and electro-biological reactors at C/N = 2.0 (Figure 6). Nitrite concentrations increased from an initial
1.69 £ 0.09 mg NO2N/L to 5.69 + 0.08 mg NO2"N/L and 9.95 + 0.25 mg NOzN/L in the effluent from
the RBDC at HRT values of 24 h and 48 h, respectively. In the REBDC, nitrite concentrations were
higher and reached 10.29 + 0.08 mg NO2>"N/L and 10.05 + 0.32 NO2"N/L at the same HRT conditions.
While nitrite accumulation increased markedly with HRT extension in the biological reactor, the
concentrations in the REBDC remained relatively consistent, suggesting that HRT had limited
influence on nitrite accumulation in the electro-biological system.

12
10.29 9.95 10.05

10 =
8 7.62 746
5.69
4 2.49
1.69 =
2 . 0.50
0 [~ |

raw wastewater C/N=2 C/N=3

Cnoz [mg/L]
N

W J=0.0 A/m2 HRT=24 h J=2.5 A/m2 HRT=24 h
HJ=0.0 A/m2 HRT=48h  m]J=2.5 A/m2 HRT=48 h

Figure 6. The effect of the C/N ratio and HRT on the concentration of nitrites in the effluent.

At C/N = 3.0, nitrite concentrations decreased during treatment in the RBDC at HRT = 24 h—
from 1.69 + 0.07 mg NOzN/L in raw wastewater to 0.5 + 0.1 NO>N/L in the effluent. However,
extending HRT to 48 h resulted in a notable increase to 7.62 + 0.16 mg NO2>N/L. A similar trend
occurred in the REBDC, where nitrite concentrations increased from 2.49 + 0.06 mg NOz"N/L at HRT
=24 h to 7.46 + 0.16 mg NO2N/L at HRT =48 h. At C/N = 3.0, nitrite accumulation in the REBDC
effluent was lower than at C/N = 2.0, indicating that additional carbon improved reduction beyond
the nitrite stage. At the same time, HRT extension produced a clearer difference in nitrite levels
between 24 h and 48 h compared with C/N =2.0.

In previous studies [9], an increase in nitrite concentration was observed in both reactors when
higher substrate doses were applied, which also altered pH conditions. It should be noted that the
raw wastewater used in the earlier research had a significantly higher influent nitrogen concentration
(609.98 + 11.52 mg NO2N/L), along with higher acetate dosing. As a result, nitrite concentrations in
the effluent reached 12.8 and 29.6 NO2"N/L in the biological reactor and 34.4 and 43.5 mg NO2"N/L in
the electro-biological reactor at C/N =2.0 and 3.0, respectively. In the present work, influent nitrogen
levels were lower (357.0 + 1.69 mg NO2N/L), and the amount of carbon added was reduced
accordingly. As a result, nitrite concentrations in the effluent did not exceed 11.0 mg NO2>"N/L for
C/N =2.0 and 8.0 mg NON/L for C/N = 3.0.

Nitrite accumulation may result from oxygen stratification within the biofilm, creating anoxic
microzones with limited access to electron donors. Under such conditions, nitrate reduction may halt
at the nitrite stage rather than proceed to nitrogen gas [22].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Ammonium nitrogen was detected in the effluent of both reactors at very low concentrations,
below 1.0 mg NH4+N/L (Figure 7). The highest concentration (0.69 + 0.01 mg NH+N/L) occurred in
the RBDC at C/N = 3.0 and HRT = 24 h, while the lowest concentration (0.01 + 0.03 mg NH+N/L) was
recorded in the same reactor at C/N = 2.0 and HRT = 48 h. At C/N = 2.0, higher ammonium
concentrations occurred at the shorter HRT, while the opposite trend was observed at C/N = 3.0. At

HRT = 48 h, ammonium concentrations in both reactors were approximately ten times lower than at
HRT =24 h.

0.8
0.69
0.7
g'g 0.49 0.21
— ' :[
5 0.4
..g 0.3
£ 0.2
“ 01 0.05 0.05 001 00 0.05 0.05
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Figure 7. The effect of the C/N ratio and HRT on the ammonium nitrogen concentration in the effluent.

In the REBDC, extending HRT resulted in lower ammonium concentrations for both C/N ratios,
with similar trends observed in the RBDC. The presence of ammonium in the effluent may be
attributed to biofilm decay and mineralization of organic nitrogen. Over prolonged retention periods,
aging biofilm and autolysis may enhance ammonium release, potentially exceeding its biochemical
oxidation rate [23,24].

3.5. Total Phosphorus (TP)

Phosphorus removal in the electro-biological reactor occurred primarily through
electrocoagulation, followed by incorporation of phosphorus into biofilm biomass and enhanced
biological phosphorus removal (EBPR) driven by phosphorus-accumulating organisms (PAOs). In
the biological reactor, the decrease in phosphorus concentration resulted mainly from biomass
growth and phosphorus uptake by PAOs [8,9].

The influent contained 11.06 + 0.89 mg P/L. In the biological reactor, phosphorus concentrations
decreased to 7.23 + 0.23 mg P/L at C/N = 2.0 and to 7.58 + 0.39 mg P/L at C/N = 3.0 (Figure 8),
corresponding to biological phosphorus removal efficiencies of 37.7% and 34.7%, respectively.
Increasing the external carbon dose was associated with lower biological phosphorus removal
efficiency. When HRT was extended to 48 h, phosphorus removal efficiency in the RBDC increased
at C/N =2.0, as evidenced by the reduced effluent concentration (6.98 + 0.54 mg P/L vs. 7.23 +0.23 mg
P/L for HRT =48 h and 24 h, respectively). However, at C/N = 3.0, the opposite trend was observed,
with effluent phosphorus increasing from 7.58 + 0.39 mg P/L (24 h) to 8.96 + 0.36 mg P/L (48 h).

In contrast, effluent phosphorus concentrations in the electro-biological reactor were
substantially lower than in the biological system. At C/N = 2.0, phosphorus concentrations reached
0.45 + 0.03 mg P/L and 0.16 + 0.01 mg P/L at HRT values of 24 h and 48 h, corresponding to removal
efficiencies of 91.5% and 98.6%, respectively. Thus, extending HRT significantly enhanced
phosphorus removal.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. The effect of the C/N ratio and HRT on the concentration of total phosphorus (TP) in the effluent.

A similar effect was observed at C/N = 3.0, where effluent TP concentrations were 0.31 + 0.04 mg
P/L at HRT =24 h and 0.13 + 0.02 mg P/L at HRT = 48 h, corresponding to removal efficiencies of
97.2% and 98.8%, respectively. Additionally, phosphorus concentrations in the REBDC effluent were
lower at C/N = 3.0 than at C/N = 2.0, demonstrating that both extended HRT and increased availability
of carbon supported more effective phosphorus removal in the electro-biological system.

The positive effect of longer HRT on phosphorus removal efficiency in rotating biofilm-based
systems such as REBDC and RBDC is consistent with findings reported in earlier research conducted
by Rodziewicz et al. [25] and by Sandeep [26].

3.6. Chemical Oxygen Demand (COD)

The COD concentration in the raw wastewater was 51.45 + 7.3 mg O2/L (Figure 9). After sodium
acetate supplementation based on the applied C/N ratio, COD values increased due to the presence
of the external carbon source. COD concentrations fluctuated during treatment and were higher at
C/N = 3.0 compared with C/N = 2.0. The lowest COD concentration in the effluent was observed in
the RBDC at C/N =2.0 and HRT =48 h (138.0 + 11.5 mg O:/L), whereas the highest value was recorded
in the REBDC at C/N =3.0 and HRT =48 h (329.0 + 24.8 mg O2/L).
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Figure 9. The effect of the C/N ratio and HRT on COD concentration in the effluent.
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In the biological reactor, extending the HRT improved utilization of the organic substrate for
both C/N ratios, as evidenced by lower effluent COD values. At C/N =2.0, COD decreased from 228.0
+11.2 mg Oz/L at HRT =24 h to 138.0 + 11.5 mg Oz/L at HRT =48 h. A similar pattern was observed
at C/N =3.0, where COD decreased from 287.0 + 15.9 mg O2/L /L to 195.0 £ 17.0 mg O2/L with extended
HRT.

A different trend was observed in the electro-biological reactor. In the REBDC, extending HRT
resulted in higher effluent COD. At C/N =2.0, COD increased from 161.0 + 16.3 mg Oz/L (HRT = 24
h) to 226.0 + 21.3 mg O2/L (HRT =48 h). Likewise, at C/N = 3.0, COD increased from 229.0 + 14.6 mg
O2/L to 329.0 + 24.6 mg O2/L.

The best utilization of the external carbon source was observed in the biological reactor at HRT
=48 h for both C/N ratios, demonstrating that increased retention time positively affected substrate
consumption. In contrast, the same operational change in the REBDC resulted in reduced substrate
utilization efficiency.

Considering the relatively low COD of the untreated wastewater (51.45 + 7.3 mg O2/L) compared
with the COD measured in treated effluent, it can be concluded that a substantial portion of the added
external carbon remained unused.

The reduced utilization of the external carbon source in the REBDC may be attributed to altered
microbial activity under electric field exposure, generation of electrochemical intermediates, or
disruption of metabolic pathways [27,28]. It is also possible that the applied HRT was excessively
long or that the dosage of sodium acetate exceeded the metabolic demand of the biofilm-forming
microorganisms [29].

3.7. Total Carbon (TC), Inorganic Carbon (IC), and Total Organic Carbon (TOC)

Changes in total carbon (TC), inorganic carbon (IC), and total organic carbon (TOC)
concentrations illustrate the extent to which the carbon supplied to the reactors was utilized.

For TC, similar trends were observed for both tested C/N ratios. In the biological reactor,
extending the hydraulic retention time supported more complete carbon utilization. At C/N =2.0 and
HRT = 24 h, the effluent TC concentration was 86.0 + 8.9 mg/L, whereas at HRT = 48 h it decreased to
53.0 + 4.8 mg/L (Figure 10). This value was only slightly higher than the influent TC concentration
prior to sodium acetate addition (41.00 £ 5.6 mg/L). In reactors supplied with a higher external carbon
dose (C/N = 3.0), the TC values were higher, amounting to 109.0 + 6.7 mg/L and 78.0 + 7.1mg/L for
HRT values of 24 h and 48 h, respectively.
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Figure 10. The effect of the C/N ratio and HRT on TC concentration in the effluent.
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In contrast, the opposite trend was observed in the electro-biological reactor, where increasing
HRT resulted in higher TC concentrations. At C/N = 2.0, TC increased from 58.00 + 4.5 mg/L to 95.00
+7.6 mg/L with extended retention time. At C/N =3.0, the increase was much more pronounced, from
91.00 + 5.3 mg/L to 288.00 + 15.8 mg/L.

These findings indicate that, at HRT =24 h, the REBDC demonstrated more effective utilization
of sodium acetate than the RBDC. However, at HRT = 48 h, the biological reactor demonstrated
superior carbon utilization, while the electro-biological system accumulated substantially more
residual carbon.

A similar pattern was observed for inorganic carbon (Figure 11). At both C/N ratios and at HRT
=24 h, the REBDC produced lower IC concentrations in the effluent compared with the biological
reactor. At HRT =48 h, this trend reversed, and lower IC concentrations were observed in the effluent
from the biological system. However, IC concentrations ranging from 16 + 2.3 mg/L to 68 + 7.9 mg/L,
when compared with TC values, suggest that the utilization of the added carbon source remained
limited. This is further confirmed by TOC measurements, which represent the fraction of organic
carbon available for denitrification and phosphorus removal.

80 68.00
70
60
— 50
% 40 27.00
£ 30 24.00 26.00
H 18 00 22 0019.00
UE 20 16 16 00
i | B
0
raw wastewater C/N=2 C/N=3
W J=0.0 A/m2 HRT=24 h = J=2.5 A/m2 HRT=24 h
N ]J=0.0 A/m2 HRT=48 h ®]J=2.5 A/m2 HRT=48 h

Figure 11. The effect of the C/N ratio and HRT on IC concentration in the effluent.

The relationships observed for TC and IC also applied to TOC concentrations (Figure 12). In the
REBDC, TOC concentrations ranged from 40.00 + 8.9 mg/L (C/N = 2.0, HRT = 24 h) to 220.00 + 24.3
mg/L (C/N = 3.0, HRT =48 h). At HRT =24 h and C/N = 2.0, the residual organic carbon remained
relatively low compared with the influent wastewater before sodium acetate addition (24.5 + 8.9
mg/L). However, at HRT =48 h the effluent contained substantially higher TOC concentrations - 69.0
+10.3 mg/L at C/N =2.0 and 220.0 + 24.3 mg/L at C/N =3.0. Reduced carbon utilization in the REBDC
may be associated with altered microbial activity under the electric field, accumulation of
intermediate products, or disruption of metabolic pathways [28,30,31].

In the biological reactor, carbon utilization during treatment was more complete. At C/N =2.0
and HRT =48 h, the effluent TOC concentration was 37.0 + 6.8 mg/L, while the influent contained 24.5
+ 8.9 mg/L before carbon supplementation—indicating that nearly all of the externally supplied
carbon had been consumed. Under conditions of increased external carbon availability (C/N = 3.0),
the effluent TOC was 59.0 + 7.3 mg/L (compared with 220.0 + 24.3 mg/L in the REBDC), confirming
that the biological reactor used the supplied substrate more efficiently.

The high TOC concentration observed in the REBDC effluent at C/N = 3.0 and HRT = 48 h may
result from the increased presence of short-chain organic acids, incomplete electrochemical oxidation,
partial mineralization, and formation of aldehydes and other by-products at the anode surface
[25,32,33].
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Figure 12. The effect of the C/N ratio and HRT on TOC concentration in the effluent.

3.8. Current Efficiency (CE)

The efficiency of nitrate removal through denitrification in electro-biological reactors depends
on both current density and hydraulic retention time [19]. When nitrogen, phosphorus, and residual
organic carbon from an external carbon source are removed simultaneously, evaluation should not
be based on a single pollutant. The results demonstrated that extending HRT reduced phosphorus
concentrations in the REBDC effluent (Figure 8), yet did not improve the degree of organic substrate
utilization (Figure 9, Figure 12). This may be attributed to an excessive carbon dose relative to the
metabolic requirements of heterotrophic denitrifiers present in the biofilm, which compete with
hydrogenotrophic denitrifiers for the available electron donor [19]. Other concurrent processes—
including incomplete electrochemical oxidation, partial organic carbon mineralization, and
formation of aldehydes or other oxidation by-products at the anode—may also contribute to the
organic matter remaining in the effluent [32,33].

Extending HRT from 24 h to 48 h was technologically justified with respect to phosphorus
removal efficiency at both tested C/N ratios (Figure 8). In terms of nitrogen removal, increasing HRT
to 48 h combined with raising the carbon dose to C/N = 3.0 resulted in noticeably higher TN removal
compared with C/N = 2.0 (Figure 5). However, when comparing nitrogen removal efficiency at C/N
= 3.0 between HRT values of 24 h and 48 h, the longer retention time did not improve performance.
Effluent nitrogen at HRT = 48 h was 7.21 mg N/L higher than at HRT = 24 h, indicating a decline in
removal efficiency under extended retention conditions.

Current efficiency reflects the contribution of electrochemical denitrification to overall nitrogen
removal in electro-biological systems. The results clearly show that extending HRT reduces CE by
approximately half for both tested C/N ratios (Figure 13). At C/N = 2.0, CE decreased from 19.5% at
HRT =24 h to 8.5% at HRT =48 h. At C/N = 3.0, CE values were similar for HRT = 24 h (19.4%) and
declined to 9.67% at HRT = 48 h. While CE values at 24 h were comparable for both C/N ratios, the
longer HRT resulted in a slightly higher CE at C/N = 3.0 than at C/N =2.0.

Figure 13 additionally presents CE values calculated for the second 24-hour period of reactors
operating at 48 h HRT. These values were estimated assuming that nitrogen concentrations at the
beginning of the 25th hour matched the final effluent concentrations of reactors operated at HRT =24
h. Under these conditions, the CE values were negative for both C/N ratios, indicating that extended
retention increases energy costs and is not economically efficient. Similar trends were reported by
Rodziewicz et al. [14], where CE decreased with increasing HRT. At the same time, CE values
obtained in that study for ] = 2.5 A/m? and HRT =24 h (7.5%) were lower than those observed in the
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present work (19.5% and 19.4%). This difference may be attributed to the much lower C/N ratio used
previously (C/N =0.5), compared with C/N = 2.0 and 3.0 applied in this experiment.

Feng et al. [34], using methanol and starch as external carbon sources, reported CE values of
23.0% and 19.0%, respectively. These results remain significantly lower than those obtained in studies
by Wan et al. [35,36], where sodium bicarbonate (NaHCOs;) was used as the carbon source. Even
greater values —exceeding 240% CE—were reported for three-dimensional (3D) bio-electrochemical
reactors [37]. For comparison, in two-dimensional (2D) reactors such as the REBDC, CE values
reported in literature do not exceed 100%.
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Figure 13. Current efficiency (CE) of REBDC depending on HRT and C/N ratio.

3.9. Energy Consumption in Phosphorus Compounds Removal Process (E)

Previous studies conducted by the authors demonstrated that phosphorus removal efficiencies
exceeding 90% can be achieved in electro-biological reactors at hydraulic retention times longer than
4 h [14,19]. However, extending HRT is associated with increased energy demand, as reflected in the
calculated energy consumption values (E).

Similar to the CE analysis, energy consumption was evaluated for reactors operating at HRT
values of 24 h, 48 h, and during the “second retention interval” (hours 25-48 in the reactor operated
at HRT = 48 h). The amount of external carbon supplied to the REBDC (i.e., the C/N ratio) did not
influence the electric energy consumption per unit of phosphorus removed (Figure 14). For both C/N
=2.0 and C/N = 3.0, energy consumption at HRT = 24 h was 0.20 kWh/g P, increasing to 0.40 kWh/g
P at HRT =48 h. Thus, doubling the hydraulic retention time resulted in a twofold increase in energy
demand per gram of phosphorus removed.

During the second 24-hour period of the 48-hour cycle, energy consumption increased
significantly, reaching 7.45 kWh/g P at C/N = 2.0 and 24.0 kWh/g P at C/N = 3.0. The higher value is
comparable with results published in a related study [38], where E reached 2360 kWh/kg P under
similar operational conditions (HRT =24 h and current density of 2.50 A/m?).

These findings indicate that most phosphorus removal driven by electrochemical reactions occur
within the first 24 hours. Between hours 25 and 48, only marginal improvements in effluent
phosphorus concentration were observed —from 0.45 to 0.16 mg P/L at C/N = 2.0 and from 0.31 to
0.13 mg P/L at C/N = 3.0—while the associated energy cost increased disproportionately. This
suggests that similar levels of phosphorus removal may be achievable within a shorter operating time
than 48 hours.

Rodziewicz [14] reported an energy demand of 2.36 kWh/g P at a current density of 2.50 A/m?
and 24 h HRT, which was higher than values obtained in the present study. It should be noted,
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however, that the referenced study was performed using synthetic wastewater with a C/N ratio of
0.5. Lower organic carbon concentrations are associated with reduced energy consumption for
electrochemical oxidation processes [39—41].
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Figure 14. Influence of HRT and C/N ratio on electric power consumption in the removal of phosphorus in
REBDC.

4. Conclusions

In the biological reactor (RBDC), extending the hydraulic retention time resulted in:

e  aslight reduction in phosphorus concentration in the effluent (by 0.25 mg P/L) at C/N =2.0, and
a noticeable deterioration of effluent quality at C/N = 3.0 (increase of 1.38 mg P/L);

e aminor increase in total nitrogen in the effluent (by 6.8%) from 147.8 to 157.7 mg N/L at C/N =
2.0, and a substantial deterioration of effluent quality (276%) from 38.4 to 105.5 mg N/L at C/N
= 3.0. Increasing carbon availability significantly improved nitrogen removal efficiency and
resulted in a much lower final TN concentration;

e  higher nitrate concentrations in the effluent at both C/N ratios, likely due to limited penetration
of the organic substrate into deeper biofilm layers, where the final reduction step (NO2 — N2)
occurs;

. reduced ammonium nitrogen concentration in the effluent at both C/N ratios;

e increased utilization of the available organic carbon expressed as TOC for both C/N ratios, with
near-complete consumption observed at C/N = 2.0.

Overall, the biological reactor demonstrated lower nitrogen and phosphorus removal efficiency
than the electro-biological reactor at both C/N ratios and both HRT values.
In the electro-biological reactor (REBDC), extending the hydraulic retention time resulted in:

e  a substantial decrease in phosphorus concentration in the effluent for both C/N ratios—more
than a 2.8-fold reduction at C/N = 2.0 (down to 0.16 mg P/L) and a 2.38-fold reduction at C/N =
3.0 (to 0.13 mg P/L);

e  asignificant increase in total nitrogen concentration in the effluent (316.3%) from 32.6 to 103.1
mg N/L at C/N = 2.0, and a moderate deterioration of effluent quality (26.3%) from 27.4 to 34.6
mg N/L at C/N =3.0;
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e increased nitrite concentrations for both C/N ratios, associated with elevated pH caused by
denitrification, increased alkalinity, and electrochemical nitrate reduction (where nitrite is an
intermediate product);

¢ amarked (multi-fold) reduction in ammonium nitrogen concentrations in the effluent for both
C/N ratios;

e  reduced utilization of available organic carbon (lower TOC removal) at both C/N ratios;

e increased energy demand for hydrogenotrophic denitrification (lower current efficiency) and
electrochemical phosphorus removal (higher energy consumption).

The electro-biological reactor demonstrated superior nitrogen and phosphorus removal
efficiency under all tested conditions. Increasing the carbon dose improved nitrogen removal
performance and resulted in substantially lower residual TN in the effluent.

Further research should focus on determining the dose of an external carbon source within a
C/N range of 2.0 to 3.0 and the hydraulic retention time within a range of 24 to 48 hours, at which
high efficiency of biogenic compound removal coincides with nearly complete utilization of the
introduced carbon source and low energy costs.
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