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Abstract 

Residual ammonium following biological nitrification remains a critical operational concern in 

recirculating aquaculture systems (RAS), where even low concentrations can induce chronic 

toxicity and destabilize system performance. Under post-nitrification conditions, engineering 

reliability, hydraulic compatibility, and material reusability often outweigh maximum adsorption 

capacity. This study evaluates the applicability of coarse-grained Prunus spinosa biochar (2–

4 mm) as a supplementary polishing medium for residual ammonium control downstream of 

biological nitrification. 

Batch adsorption experiments were conducted under RAS-relevant conditions (pH 6.8–7.2; 15–

35 °C) to quantify ammonium uptake behavior, selectivity in the presence of competing nitrogen 

species, and governing kinetic, equilibrium, and thermodynamic mechanisms. The biochar 

exhibited selective ammonium removal, achieving up to 53 % uptake, while nitrite and nitrate 

removal remained below 13 %, preserving nitrification functionality. Ammonium adsorption 

followed pseudo-second-order kinetics and was well described by the Langmuir model (R² > 0.98), 

with moderate monolayer capacities (3.24–3.57 mg g⁻¹).  Thermodynamic analysis confirmed 

spontaneous and endothermic adsorption, with increased favorability at elevated 

aquaculture-relevant temperatures. 

To address engineering feasibility beyond batch conditions, short-term continuous-flow fixed-bed 

column experiments were performed, demonstrating stable hydraulic operation and preferential 

ammonium removal. Biochar reusability was confirmed over five adsorption–regeneration cycles 

using 0.1 M NaCl, with 96.1 % efficiency retention. Overall, the results demonstrate that coarse 

Prunus spinosa biochar is a technically viable, reusable, and cost-effective ammonium polishing 

medium for RAS, providing an application-oriented foundation for future long-term and 

pilot-scale fixed-bed studies. 

 

Keywords: Recirculating aquaculture systems; Post‑nitrification ammonium polishing; Prunus 

spinosa biochar; Fixed‑bed adsorption; Nitrogen management  
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1. Introduction 

Aquaculture is among the fastest‑growing food production sectors worldwide, playing a critical 

role in global food security and nutrition [1]. However, intensive aquaculture practices generate 

nutrient‑rich effluents containing nitrogenous compounds, particularly ammonium (NH₄⁺), nitrite 

(NO₂⁻), and nitrate (NO₃⁻), which pose significant risks to aquatic ecosystems and system 

performance[2]. Elevated ammonium concentrations are especially problematic due to their direct 

toxicity to fish and invertebrates, impairment of gill function, and destabilization of biological 

filtration units in recirculating aquaculture systems (RAS) [3-5]. Consequently, maintaining total 

ammonia nitrogen (TAN) below regulatory and species‑specific safety thresholds is essential for 

both environmental protection and sustainable aquaculture operation [6, 7]. 

In modern RAS, biological nitrification represents the primary process for oxidizing ammonium 

to nitrate, thereby enabling high water recirculation rates with reduced freshwater demand [6, 8]. 

Nevertheless, nitrification alone often fails to ensure consistently low residual ammonium (NH₄⁺) 

concentrations under fluctuating feeding loads, seasonal temperature variations, or transitional 

operational states such as start‑up or biomass aging [9-12]. Even low residual ammonium 

concentrations (< 5  mg L⁻¹) can lead to unsafe levels of unionized ammonia (NH₃), particularly at 

elevated pH and temperature, posing chronic toxicity risks for sensitive species [13]. Accordingly, 

supplementary downstream treatment steps are frequently required to stabilize effluent quality and 

enhance system resilience. In this context, fixed‑bed adsorption units represent an attractive 

configuration for post‑nitrification polishing due to their continuous operation, low energy 

demand, and ease of integration into existing RAS infrastructure [14-16]. 

Conventional tertiary treatment technologies—such as ion exchange resins, membrane filtration, 

advanced oxidation, and chemical polishing—can effectively reduce residual nitrogen but often 

involve high capital costs, operational complexity, or intensive maintenance requirements, limiting 

their practicality for small‑ to medium‑scale aquaculture facilities [17, 18]. Adsorption‑based 

processes offer a simpler and more flexible alternative, particularly when implemented using 

low‑cost, biomass‑derived sorbents capable of operating under fluctuating water quality conditions 

[19, 20]. 

Among such materials, biochar has attracted increasing interest due to its porous structure, surface 

functional groups, ion‑exchange capacity, and compatibility with circular‑economy principles [21, 

22]. However, a critical research gap persists in the translation of laboratory-scale biochar 

adsorption studies to practical engineering applications. While numerous investigations have 

demonstrated the ammonium adsorption capacity of various biochars, the majority have employed 

finely powdered materials optimized for maximum equilibrium uptake under idealized batch 

conditions [23-27]. This approach, although valuable for fundamental mechanistic understanding, 

overlooks the practical constraints associated with real-world implementation in recirculating 

aquaculture systems. Specifically, the use of fine biochar powders presents substantial operational 

challenges including hydraulic instability, excessive pressure drops, particle escape, and 

difficulties in recovery and regeneration—issues that are particularly problematic in continuous-

flow fixed-bed configurations essential for RAS polishing units [28, 29]. Consequently, there 

exists a significant disconnect between the extensive literature on biochar adsorption capacity and 

the engineering requirements for viable fixed-bed polishing applications[30]. In contrast, 

coarse‑grained biochar materials inherently sacrifice some adsorption capacity but offer 

substantial advantages in terms of mechanical robustness, ease of separation, regeneration 

potential, and compatibility with fixed‑bed configurations—attributes essential for real‑world 
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RAS implementation [31]. These trade‑offs highlight a persistent gap between laboratory‑scale 

adsorption studies and their translation into practicable fixed‑bed polishing units. 

Accordingly, the present study focuses on post‑nitrification ammonium polishing under low 

residual NH₄⁺, NO₂⁻, and NO₃⁻  levels representative of mature recirculating aquaculture system 

(RAS) effluents, rather than primary nitrogen removal. To explicitly address the persistent, 

disconnect between mechanistic adsorption studies and engineering feasibility, biochar derived 

from Prunus spinosa (PS)—a locally available lignocellulosic feedstock with favorable mineral 

composition—was investigated within a deliberately application‑oriented framework[32, 33]. In 

contrast to the prevailing emphasis on finely powdered or chemically modified biochars optimized 

for maximum equilibrium capacity[30, 34], a coarse particle fraction was intentionally selected to 

prioritize hydraulic compatibility, mechanical robustness, regeneration potential, and operational 

practicality for prospective fixed‑bed integration, accepting reduced surface area as an informed 

and necessary design trade‑off. 

Although long‑term fixed‑bed performance and full breakthrough behavior were not the primary 

focus of this study, the experimental framework is intended to characterize material suitability and 

engineering applicability rather than to demonstrate an operational fixed‑bed system. 

Laboratory‑scale batch experiments were intentionally employed as a foundational step to generate 

mechanistic, thermodynamic, and design‑relevant parameters that are routinely required prior to 

fixed‑bed process translation[35, 36]. The specific objectives of this study were therefore to: (1) 

quantify the adsorption performance and selectivity of coarse‑grained PS biochar toward NH₄⁺ in 

the presence of competing NO₂⁻ and NO₃⁻ under conditions representative of post‑nitrification 

RAS effluents; (2) elucidate governing adsorption mechanisms through kinetic, equilibrium, and 

thermodynamic analyses across RAS‑relevant pH and temperature ranges; and (3) evaluate the 

engineering applicability of the material for post‑nitrification polishing by examining process 

stability, structural integrity, and preliminary fixed‑bed performance relative to internationally 

accepted water‑quality thresholds. 

To the authors’ knowledge, this study represents one of the first systematic evaluations to explicitly 

position coarse‑grained biochar as a post‑nitrification ammonium polishing medium under low 

residual NH₄⁺, NO₂⁻, and NO₃⁻ conditions, where engineering feasibility, operational stability, and 

fixed‑bed compatibility are prioritized over maximum adsorption capacity. 

2. Materials and Methods 

2.1. Study framework and experimental design 

This experimental study investigated the adsorption behavior of PS biochar for the removal of 

inorganic nitrogen species—ammonium (NH₄⁺), nitrite (NO₂⁻), and nitrate (NO₃⁻)—from 

aquaculture‑relevant aqueous matrices. All experiments were conducted under controlled 

laboratory conditions using batch systems. Batch operation was intentionally selected to isolate 

intrinsic adsorption behavior, eliminate hydrodynamic interference, and generate fundamental 

kinetic, equilibrium, and thermodynamic parameters required for evaluating feasibility and 

predicting material performance in fixed‑bed polishing applications[30]. 

To reflect realistic operational conditions encountered in RAS, adsorption performance was 

evaluated at three temperatures: 15 °C, 25 °C, and 35 °C. These temperatures correspond to typical 

seasonal ranges experienced in cold‑water and warm‑water aquaculture facilities and allow 

assessment of thermal sensitivity and process stability under practically relevant conditions [37]. 

While the primary experimental framework relied on batch systems to isolate intrinsic adsorption 

behavior, complementary fixed‑bed column experiments were subsequently conducted to 
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preliminarily examine hydraulic compatibility and early‑stage performance under continuous flow 

conditions. 

2.2. Biochar sourcing, preparation, and physicochemical characterization 

Biochar derived from PS wood was commercially obtained from Fasl‑e‑Panjom Science and 

Technology Park (Shiraz, Iran). The biochar was produced via slow pyrolysis at 500 °C under an 

inert nitrogen atmosphere, yielding a carbon‑rich material with a stable porous structure. 

Prior to use, the biochar was sieved to obtain particles in the 2–4 mm size range, washed 

thoroughly with deionized water to remove loose ash and impurities, and oven‑dried at 105 °C for 

24 h. This coarse particle fraction was deliberately selected to simplify recovery, minimize 

secondary particle release, maintain mechanical integrity during handling and regeneration, and 

ensure hydraulic compatibility with potential fixed‑bed operation. Although finer fractions 

typically provide higher adsorption capacities, this design choice intentionally prioritizes 

operational feasibility and long‑term stability over surface‑area maximization [31]. 

The surface chemistry of the biochar was characterized using Fourier-transform infrared 

spectroscopy (FTIR) (Thermo Avatar; 400–4000 cm⁻¹) via the KBr pellet method to identify 

functional groups involved in nitrogen adsorption. Structural ordering and crystalline phases were 

examined by X-ray diffraction (XRD) (Philips PW1730) employing Cu Kα radiation 

(λ = 1.5406 Å) across a 2θ range of 10–80°. 

Electrostatic surface properties were evaluated through zeta potential measurements conducted in 

10 mM KCl solution at pH 7.0 using a Horiba Zetasizer. Textural characteristics, including specific 

surface area, pore volume, and pore size distribution, were determined using the Brunauer–

Emmett–Teller (BET) method based on N₂ adsorption–desorption isotherms at 77 K (BELSORP 

Mini II). Elemental composition (C, H, N, and S) was quantified by CHNS analysis (ECS 4010), 

and complementary inorganic elemental analysis was carried out using inductively coupled plasma 

optical emission spectroscopy (ICP-OES) (VISTA-PRO). 

All physicochemical analyses were performed by Mahamax Company (Tehran, Iran), a certified 

provider of laboratory and analytical services. 

2.3. Batch adsorption experiments 

Batch adsorption experiments were designed to generate equilibrium and kinetic parameters 

required for process evaluation and material screening, rather than to simulate continuous 

fixed‑bed operation. Synthetic aqueous solutions of NH₄⁺, NO₂⁻, and NO₃⁻ were prepared 

individually using analytical‑grade NH₄Cl, NaNO₂, and KNO₃, respectively. Stock solutions 

(1000 mg L⁻¹) were diluted to initial concentrations ranging from 10 to 200 mg L⁻¹, encompassing 

both stressed conditions and low residual concentrations typical of post‑nitrification RAS 

effluents[38]. In particular, batch tests conducted at 10–50 mg L⁻¹ were considered representative 

of residual or transitional NH₄⁺, NO₂⁻, and NO₃⁻  levels that may occur in otherwise mature RAS 

during short‑term operational fluctuations, whereas lower concentrations were used to directly 

inform polishing‑level performance. 

All experiments were conducted in 250 mL Erlenmeyer flasks containing 100 mL of solution, with 

biochar dosages ranging from 2 to 20 g L⁻¹. All nitrogen species concentrations are reported on an 

ionic basis (mg L⁻¹). 

The pH was maintained within a near‑neutral range (6.8–7.2) using dilute NaOH or HCl to 

minimize pH‑induced speciation effects and ensure compatibility with aquaculture reuse 

scenarios[39]. Flasks were agitated at 150 rpm for 24 h, a duration sufficient to achieve adsorption 

equilibrium. Following equilibration, suspensions were filtered, and equilibrium concentrations 

were analyzed using standard spectrophotometric methods. Adsorption performance was 
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expressed in terms of removal efficiency (R, %) and equilibrium adsorption capacity (qₑ, mg g⁻¹), 

calculated as follows [40]: 

𝑅(%) =
𝐶0−𝐶𝑒

𝐶0
× 100                                                                                           (Equation 1) 

𝑞𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
                                                                                                        (Equation 2) 

where C0 and Ce (mg  L⁻¹) denote the initial and equilibrium solute concentrations, V (L) is the 

solution volume, and m (g) is the mass of biochar. 

2.4. Kinetic modeling 

Kinetic analyses were performed to elucidate adsorption rates and to identify the dominant mass-

transfer and surface interaction mechanisms governing nitrogen uptake by the biochar. The 

application of multiple kinetic models enables differentiation between diffusion-controlled 

processes and surface-reaction-controlled adsorption, as well as between physical and chemical 

binding mechanisms[41]. 

The pseudo-first-order model was applied under the assumption that adsorption is primarily 

governed by physisorption: 

ln(𝑞𝑒 − 𝑞𝑡) = ln 𝑞𝑒 − 𝑘1𝑡                                                                                              (Equation 3) 

where k1 (min-1) is the adsorption rate constant. 

The pseudo-second-order model, often associated with chemisorption processes involving electron 

sharing or exchange, was described by: 
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
                                                                                                                (Equation 4) 

where k2 (g mg⁻¹  min⁻¹) is the pseudo‑second‑order rate constant. 

To further assess diffusion limitations, the Weber–Morris intraparticle diffusion model was 

applied: 

𝑞𝑡 = 𝑘𝑝𝑡0.5 + 𝐶                                                                                                               (Equation 5) 

where kp (mg g⁻¹h-0.5) indicates the intraparticle diffusion rate and C (mg g⁻¹) reflects the 

contribution of boundary-layer resistance [42]. 

2.5. Isotherm modeling 

Equilibrium adsorption behavior was evaluated using Langmuir, Freundlich, and Temkin isotherm 

models to characterize the interaction between nitrogen species and the biochar surface under 

equilibrium conditions. 

The Langmuir isotherm, which assumes monolayer adsorption on a homogeneous surface with 

finite binding sites, is expressed as: 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                                                                                                 (Equation 6) 

Adsorption favorability was assessed using the dimensionless separation factor: 

RL=1/(1+KLC0)                                                                                                          (Equation 7) 

The Freundlich isotherm, representing heterogeneous surface adsorption, was defined as: 

𝑞𝑒 = 𝑘𝐹𝑡𝐶1/𝑛                                                                                                               (Equation 8)      

where 1/n values between 0 and 1 indicate favorable adsorption. 

The Temkin isotherm accounts for adsorbent–adsorbate interactions and a linear decrease in 

adsorption energy with surface coverage: 

𝑞𝑒 = 𝐵 ln 𝑙𝑛 𝐴𝑇 + 𝐵 𝑙𝑛𝐶𝑒                                                                                              (Equation 9) 

𝐵 =
𝑅𝑇

𝑏𝑡
                                                                                                                           (Equation 10) 

The combined application of these models provides complementary insight into adsorption 

mechanisms not discernible from removal efficiencies alone [43]. 
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These models were selected to provide parameters commonly used for preliminary fixed-bed 

design and performance prediction under low-strength influent conditions. 

2.6. Thermodynamic analysis 

Thermodynamic parameters were determined to evaluate the energetic feasibility and temperature 

dependence of nitrogen adsorption onto PS biochar. Equilibrium constants derived from Langmuir 

parameters at 15, 25, and 35 °C were used to calculate standard Gibbs free energy (ΔG°), enthalpy 

(ΔH°), and entropy (ΔS°) changes according to: 

ln 𝑘𝑒 = −
∆𝐻0

𝑅𝑇
+

∆𝑆0

𝑅
                                                                                                (Equation 11) 

∆𝐺0 = −𝑅𝑇𝑙𝑛 𝐾𝑒                                                                                                   (Equation 12) 

where Ke = qe / Ce. These thermodynamic indicators clarify whether adsorption is spontaneous, 

endothermic or exothermic, and thermally stable under variable conditions encountered in 

aquaculture operation [44]. 

2.7. Fixed-bed column configuration and operation 

A laboratory‑scale up‑flow fixed‑bed reactor was employed to preliminarily assess hydraulic 

compatibility and early‑stage material behavior under continuous‑flow conditions, rather than to 

establish full breakthrough performance or long‑term operational metrics[45]. The column was 

constructed from a cylindrical acrylic tube with an internal diameter of 6 cm and a total height of 

40 cm. A fixed biochar bed with a height of 20 cm was established at the center of the column, 

corresponding to an effective packed‑bed volume of approximately 375 mL. The effective 

hydraulic volume of the column, including the freeboard region, was approximately 750 mL.  

The biochar particle size fraction, identical to that used in batch experiments, was deliberately 

selected to ensure mechanical stability, minimize pressure losses, and reduce the risk of clogging 

or particle washout under continuous operation[46]. The column was operated in up‑flow mode to 

promote uniform hydraulic distribution and to avoid bed compaction during long‑term 

operation[47]. 

Synthetic influent containing ammonium at an initial concentration of 50 mg L⁻¹ was continuously 

supplied to the column using a peristaltic pump at a constant flow rate of 1 mL min⁻¹. Under these 

conditions, the empty bed contact time (EBCT), calculated based on the packed‑bed volume, was 

approximately 6.25 h, while the hydraulic retention time (HRT), calculated based on the effective 

hydraulic volume, was approximately 12.5 h[48]. 

To eliminate start‑up artifacts and ensure representative effluent measurements, sample collection 

was initiated only after the elution of the first effluent drop, corresponding to one complete HRT 

(12.5 h). Effluent samples were subsequently collected at defined time intervals and analyzed for 

NH₄⁺, NO₂⁻, and NO₃⁻ concentrations using the same analytical methods and quality control 

procedures applied in batch experiments. The column was operated continuously for up to 144 h. 

Effluent concentration profiles were recorded over the operational period, and data beyond 24–

48 h were not further reported due to the absence of systematic temporal variation. 

The fixed‑bed experiment was designed as a complementary engineering evaluation rather than a 

full breakthrough study. Accordingly, the results are intended to support assessment of material 

suitability, selectivity, and hydraulic compatibility under low‑strength post‑nitrification 

conditions, rather than to establish design‑scale breakthrough parameters. 

2.8. Regeneration and reuse protocol 

Following adsorption experiments, the spent PS biochar was subjected to a regeneration procedure 

to evaluate its reusability under repeated operational cycles. Regeneration was carried out using 

an aqueous sodium chloride (NaCl) solution with a concentration of 0.1 M, selected to promote 
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ammonium desorption primarily through ion-exchange mechanisms while avoiding aggressive 

chemical treatment. 

The exhausted biochar was contacted with the regeneration solution under controlled laboratory 

conditions for a defined period, after which the material was thoroughly rinsed with deionized 

water to remove residual electrolyte. The regenerated biochar was then dried at ambient conditions 

and reused in subsequent adsorption cycles following the same experimental procedures applied 

during the initial adsorption stage. 

This regeneration–reuse sequence was repeated over multiple consecutive cycles to assess the 

cyclic stability of the biochar under repeated adsorption and desorption conditions. All regenerated 

samples were handled and analyzed using identical protocols to ensure consistency and 

comparability across cycles. 

2.9. Analytical methods 

Water quality parameters were quantified following Standard Methods for the Examination of 

Water and Wastewater [49]. The analytical techniques, instruments, and detection limits employed 

in this study are summarized in Table 1. 

Table 1: Analytical methods and limits of detection (LOD) for nitrogen species * 

Parameter Method description Standard 

method 

number 

Instrument Model 

 

Detection 

Limit( 

mg L⁻¹) 

Ammonia 

(NH₄⁺) 

Nessler’s colorimetric method 

(425 nm) 

4500-

NH₃ 

Hach SQ2800 UV–

Vis 

0.1 

Nitrite 

(NO₂⁻) 

Sulfanilamide–NED colorimetric 

method (543 nm) 

4500-

NO₂⁻ 

Hach SQ2800 UV–

Vis 

0.1 

Nitrate 

(NO₃⁻) 

UV spectrophotometric method 

(220/275 nm) 

4500-

NO₃⁻ B 

Hach SQ2800 UV–

Vis 

0.1 

pH Glass electrode 4500-H+ Hach HQ440D - 

*Notes: 

 All nitrogen species are reported on an ionic basis (NH₄⁺, NO₂⁻, NO₃⁻) in units of mg L⁻¹. 

 Samples were filtered through 0.45 µm membrane filters prior to analysis. 

 LOD values were determined experimentally in the laboratory. 

 

2.10. Statistical analysis 

All batch adsorption experiments were conducted in duplicate, and reported values represent mean 

results. Error bars are not shown in figures where variability was smaller than symbol size. 

Replication was performed to verify experimental reproducibility and internal consistency under 

controlled laboratory conditions.  All experimental data were initially processed using Microsoft 

Excel 2016. Nonlinear regression analyses, kinetic and isotherm model fitting, and graphical 

visualizations were performed using OriginPro 2024. Model accuracy and goodness of fit were 

assessed using the coefficient of determination (R²), chi-square (χ²), and root mean square error 

(RMSE). 

3. Results 

3.1. Physicochemical characteristics of PS biochar  

The physicochemical properties of PS biochar produced were characterized to describe its 

structural, chemical, and textural features relevant to ammonium polishing under conditions 

representative of RAS. Emphasis was placed on attributes associated with mechanical robustness, 
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surface chemistry, and pore structure relevant to potential fixed‑bed operation rather than 

achieving maximum adsorption capacity under idealized laboratory conditions. 

Scanning electron microscopy (SEM) images (Figure 1a–b) revealed a heterogeneous and highly 

porous surface morphology characterized by irregular, slit‑shaped pores and fibrous channels 

distributed throughout the carbon matrix. Interconnected voids were observed across multiple 

length scales, indicating the coexistence of meso‑ and macroporous structures. Although partial 

collapse of plant tissues occurred during pyrolysis, the layered carbon framework remained largely 

intact, preserving an open structure that allows fluid penetration through the coarse biochar 

particles. The observed morphology is consistent with slit‑type pore systems typically associated 

with aggregated carbon platelets [50]. 

The crystalline structure of the biochar was examined using X‑ray diffraction (XRD) analysis. As 

shown in Figure 1c, two broad diffraction features centered at approximately 2θ ≈ 23° and 43° 

were observed, corresponding to the (002) and (100) planes of turbostratic carbon, respectively. 

The absence of sharp crystalline reflections confirms the predominantly amorphous nature of the 

biochar and indicates a low degree of graphitization. Such disordered carbon structures are 

characteristic of lignocellulosic biochars produced at moderate pyrolysis temperatures and are 

associated with heterogeneous surface energy distributions [51]. 

Surface functional groups were identified by FTIR spectroscopy (Figure 1d). A broad absorption 

band centered at 3434 cm⁻¹ was assigned to O–H stretching vibrations of hydroxyl and phenolic 

groups. The peak observed at 1926 cm⁻¹ corresponds to C=O stretching vibrations of carbonyl or 

conjugated functional groups. Additional bands at 1083 cm⁻¹ were attributed to C–O stretching 

vibrations of alcohol and ether groups. Furthermore, peaks at 871 and 747 cm⁻¹ were associated 

with out‑of‑plane bending vibrations of aromatic C–H bonds. Overall, the FTIR spectrum confirms 

the presence of multiple oxygen‑containing functional groups on the biochar surface[52].  

Textural properties were evaluated using N₂ adsorption–desorption analysis at 77 K. The 

adsorption isotherm exhibited Type IV behavior with an H₃ hysteresis loop (Figure 1e), indicating 

a mesoporous structure dominated by slit‑shaped pores formed by aggregated carbon layers [25]. 

BET analysis yielded a specific surface area of 37.36 m² g⁻¹, an average pore diameter of 29.3 nm, 

and a total pore volume of 0.0499 cm³ g⁻¹. The corresponding BJH pore size distribution 

(Figure 1f) confirmed that the majority of pores were within the mesoporous range (10–50 nm). 

This pore structure is characteristic of coarse‑grained biochars produced by slow pyrolysis. 

Electrostatic surface properties were assessed through zeta potential measurements conducted at 

pH 7.0. The biochar exhibited a slightly negative surface charge of −0.7 mV, with electrophoretic 

mobility values centered near neutrality. This near‑neutral surface charge suggests the dominance 

of weakly dissociating oxygenated functional groups rather than strongly acidic or basic sites, 

which is consistent with operating conditions commonly encountered in biologically active 

aqueous systems[53]. 

Elemental composition determined by CHNS analysis confirmed a carbon‑rich material, with 

carbon, hydrogen, and nitrogen contents of 76.2 %, 2.9 %, and 0.6 %, respectively, while sulfur 

content was below 0.2 %. The high carbon content and low heteroatom fractions indicate a 

chemically stable and non‑toxic adsorbent matrix suitable for repeated exposure to aquaculture 

effluents[54]. Collectively, these physicochemical characteristics describe PS biochar as a 

mechanically stable, mesoporous, and chemically active material with properties aligned toward 

practical adsorption applications rather than purely high‑capacity batch performance.  
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Figure 1: Figure 1. Structural characterization of PS biochar produced at 500 °C.(a–b) SEM 

micrographs at different magnifications;(C) X‑ray diffraction (XRD) pattern displaying broad 

peaks around 2θ = 23° and 43°,(d) Fourier transform infrared (FTIR) spectrum (e) Nitrogen 

adsorption–desorption isotherm (Type IV, H₃ hysteresis) and (f) BJH pore size distribution curve 

confirming predominance of mesopores. 

 

FTIR spectra before and after ammonium adsorption showed no discernible peak shifts or loss of 

characteristic functional groups. XRD patterns exhibited no detectable changes in crystalline 

phases or structural ordering following adsorption. SEM images confirmed preservation of particle 

morphology and pore architecture after exposure to ammonium‑containing solutions. 

3.2. Influence of operational parameters on nitrogen removal 

The influence of key operational parameters, including contact time, adsorbent dosage, and initial 

solute concentration, on the removal efficiencies of ammonium (NH₄⁺), nitrite (NO₂⁻), and nitrate 

(NO₃⁻) by coarse PS biochar was systematically evaluated under batch conditions. The 

experiments were designed to reflect concentration ranges and operating conditions relevant to 

post‑nitrification polishing scenarios in recirculating aquaculture systems. 

3.2.1. Effect of contact time 

The effect of contact time on nitrogen removal efficiency is presented in Figure 2a. For all three 

nitrogen species, adsorption followed a biphasic trend characterized by a rapid initial uptake phase 

followed by a slower approach to equilibrium[55]. Ammonium exhibited the highest removal 

efficiency among the tested species. Approximately 40% of total NH₄⁺ removal occurred within 

the first 4 h, after which the adsorption rate progressively decreased, reaching an apparent 

equilibrium after approximately 18 h. The maximum NH₄⁺ removal efficiency achieved after 24 h 

was 53%. 

In contrast, NO₂⁻ and NO₃⁻ exhibited substantially lower removal efficiencies throughout the 

contact time range. Equilibrium for both anions was attained within 12–18 h, with maximum 

removal efficiencies of approximately 12% for NO₂⁻ and 10% for NO₃⁻ at 24 h. The markedly 

lower uptake of nitrite and nitrate relative to ammonium indicates a strong selectivity of the biochar 

toward cationic nitrogen species under near‑neutral pH conditions. 

3.2.2. Effect of adsorbent dosage 

(e) (f) 
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The influence of biochar dosage on nitrogen removal efficiency is shown in Figure 2b, with 

adsorbent doses varied from 1 to 20 g L⁻¹ at a fixed contact time of 24 h. Increasing the adsorbent 

dose resulted in a proportional rise in removal efficiencies for all three nitrogen species, reflecting 

the progressive availability of adsorption sites. 

For NH₄⁺, removal efficiency increased sharply from approximately 10% at a dosage of 1 g L⁻¹ to 

53% at 10 g L⁻¹. Beyond this dosage, further increases in biochar concentration yielded only 

marginal improvements, with a maximum NH₄⁺ removal of approximately 58% observed at 20 g 

L⁻¹. A similar saturation trend was observed for NO₂⁻ and NO₃⁻, whose removal efficiencies 

stabilized at approximately 14% and 12%, respectively, at the highest adsorbent dosages tested. 

The diminishing gains in removal efficiency at dosages above 10 g L⁻¹ indicate that adsorption site 

availability was no longer the limiting factor under these conditions, and that equilibrium was 

governed by solute–surface interactions rather than adsorbent mass. 

3.2.3. Effect of initial nitrogen concentration 

Figure 2c illustrates the effect of initial nitrogen concentration, ranging from 10 to 200 mg L⁻¹, on 

removal efficiency at a fixed biochar dosage of 10 g L⁻¹ and a constant temperature of 25 °C. 

Across the tested concentration ranges of 10–100 mg L⁻¹, the removal efficiency of NH₄⁺ remained 

relatively stable and was maintained near 53%. At higher initial concentrations, a gradual decline 

in removal efficiency was observed, reaching approximately 48% at an initial concentration of 

200 mg L⁻¹. 

The removal efficiencies of NO₂⁻ and NO₃⁻ remained consistently low across the entire 

concentration range, fluctuating narrowly between 10% and 12% and showing no pronounced 

dependency on initial concentration. The observed stability of removal efficiency with increasing 

solute concentration suggests that adsorption performance within the investigated range was not 

strongly constrained by mass‑transfer limitations under batch conditions. 

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



13 
 

 
Figure 2: Effect of operational parameters on nitrogen removal performance by coarse PS 

biochar (2–4 mm). (a) Effect of contact time on the removal efficiency of NH4
+, NO2

−, and NO3
−  

(C₀ = 50 mg L-1, dose = 10 g L-1, T = 25 °C).(b) Effect of adsorbent dose (contact time = 24 h).(c) 

Effect of initial concentration (dose = 10  g L-1, T = 25 °C). 

3.3. Adsorption kinetics of ammonium 

The adsorption kinetics of ammonium (NH₄⁺) onto PS biochar were investigated to elucidate the 

rate‑controlling steps and the underlying adsorption mechanisms under batch conditions. Kinetic 

experiments were conducted at an initial nitrogen concentration of 50 mg L⁻¹, a biochar dose of 

10 g L⁻¹, and a temperature of 25 °C. The experimental data were analyzed using three widely 

applied kinetic models, including the pseudo‑first‑order, pseudo‑second‑order, and intraparticle 

diffusion models. 
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Owing to the substantially higher uptake capacity and removal efficiency of NH₄⁺ compared with 

nitrite and nitrate under identical experimental conditions, detailed kinetic modeling and graphical 

interpretation were primarily focused on ammonium. In contrast, the adsorption of NO₂⁻ and NO₃⁻ 

remained very limited (< 13%), resulting in low equilibrium adsorption capacities and weakly 

developed kinetic profiles, which limit the reliability of detailed mechanistic interpretation based 

on kinetic model fitting. Nevertheless, for completeness, the kinetic parameters of NO₂⁻ and NO₃⁻ 

are reported numerically in Table 2. According to the results,  pseudo‑first‑order model exhibited 

a moderate correlation with the experimental ammonium adsorption data (R² = 0.971); In contrast, 

the pseudo-second-order model provided an excellent fit to the experimental data, with a high 

correlation coefficient (R² = 0.995). The equilibrium adsorption capacity predicted by the model 

was in close agreement with the experimentally determined value. 

Further insight into the adsorption mechanism was obtained from the intraparticle diffusion 

analysis. The intraparticle diffusion plots for ammonium adsorption displayed a multilinear trend, 

indicating that the uptake process proceeded through multiple sequential stages. The initial linear 

segment corresponds to rapid external mass transfer and boundary‑layer diffusion, while the 

subsequent linear region reflects intraparticle diffusion of NH₄⁺ ions into the internal pore structure 

of the biochar[56]. Notably, the intraparticle diffusion plots did not pass through the origin (C ≠ 0), 

confirming that intraparticle diffusion was not the sole rate‑limiting step and that external 

mass‑transfer resistance also contributed to the overall adsorption kinetics[57]. 

Table 2. Kinetic parameters for nitrogen adsorption by coarse Prunus spinosa biochar* 

Model Parameter NH₄⁺ NO₂⁻ NO₃⁻ 

Experimental qₑ (mg g⁻¹) 2.65 0.60 0.50 

Pseudo-first-order  qₑ,cal (mg g⁻¹) 1.76 0.41 0.36  
k₁ ( min-1) 0.00428 0.00408 0.00388  
R² 0.971 0.987 0.983 

Pseudo-second-order qₑ ( mg g⁻¹) 2.60 0.64 0.49  
k₂ (×10⁻³ g mg-1 min-1) 1.97 3.00 2.00  
h = k₂ qₑ² (mg g⁻¹ min-1) 0.0133 0.00123 0.00048  
R² 0.995 0.99 0.998 

Intraparticle diffusion kp  ( mg g⁻¹h-0.5) 0.592 0.1765 0.1584  
C ( mg g⁻¹) 0.304 0.0733 0.0401  
R² 0.94 0.9577 0.9421 

*Experimental conditions: temperature =25 °C, dose = 10  gL-1, C₀ = 50 mgL-1  
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Figure 3: Kinetic model fitting plots for NH4

+adsorption onto PS biochar (temperature =25 °C, 

dose = 10 g L⁻¹, C₀ = 50 mg L⁻¹);(a) Pseudo-first-order model (b) Pseudo-second-order model, and 

(c) Intraparticle diffusion model. 

3.4. Equilibrium isotherm behavior 

The equilibrium adsorption behavior of ammonium onto Prunus spinosa biochar was investigated 

at different temperatures (15, 25, and 35 °C) under batch equilibrium conditions to describe the 

interaction between ammonium ions and the biochar surface. The experimental data were analyzed 
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using the Langmuir, Freundlich, and Temkin isotherm models. Linearized plots of the three models 

are presented in Figure 4, and the corresponding parameters are summarized in Table 3. 

The Langmuir model provided the best fit to the experimental data at all studied temperatures, as 

reflected by the highest coefficients of determination (R² = 0.987 at 15 °C). The maximum 

monolayer adsorption capacity (qₘ) increased slightly with temperature, from 3.24 mg g⁻¹ at 15 °C 

to 3.57 mg g⁻¹ at 35 °C. 

Similarly, the Freundlich model described the adsorption data satisfactorily, although with lower 

R² values compared with the Langmuir model. The Freundlich constants (n ≈ 2.1–2.3) remained 

greater than unity across the investigated temperature range, confirming favorable adsorption, 

while 1/n < 1 indicates moderate surface heterogeneity typical of biochars derived from 

lignocellulosic biomass[58]. In comparison, the Temkin model yielded the lowest coefficients of 

determination among the three evaluated isotherms, indicating a comparatively poorer fit to the 

experimental equilibrium data. 

3.5. Thermodynamic parameters and thermal stability 

The thermodynamic parameters for ammonium adsorption onto PS biochar were determined using 

equilibrium constants (Kc) derived from the Langmuir isotherms at 15, 25, and 35 °C. The van’t 

Hoff plot, illustrating the relationship between lnKc and 1/T, is presented in Figure 5. A linear 

regression was obtained across the studied temperature range with a correlation coefficient (R2) of 

0.9976. From the slope and intercept of the regression equation, ΔH∘ and ΔS∘ were calculated as 

+13.79 kJ mol−1 and +52.61 J mol−1 K−11, respectively. ΔG∘ values were −1.37 kJ mol−1at 15 °C, 

−1.89 kJ mol−1 at 25 °C, and −2.42 kJ mol−1 at 35 °C. An increase in temperature from 15 to 35 

°C resulted in a progressive increase in the equilibrium constant (Kc) and a corresponding increase 

in the negative magnitude of ΔG∘. 
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Figure 4: Linearized adsorption isotherms of NH4

+ removal by PS biochar at different temperatures 

(dose = 10 g L⁻¹, C₀ = 50 mg L⁻¹): (a) Langmuir model, (b) Freundlich model, and (c) Temkin 

model. 
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Table 3: Isotherm parameters for the adsorption of NH4
+ onto Prunus spinosa biochar at different 

temperatures (dose = 10 g L⁻¹, C₀ = 50 mg L⁻¹). 

Model Parameter Unit 15 °C 25 °C 35 °C 

Langmuir qm mg g⁻¹ 3.24 3.41 3.57  
KL L mg⁻¹ 0.041 0.052 0.063  
RL – 0.32 0.28 0.25  
R2 – 0.982 0.987 0.984 

Freundlich KF mg1-1/n L1/n g-1 0.67 0.81 0.95  
1/n – 0.47 0.44 0.43  
n – 2.13 2.27 2.33  
R2 – 0.951 0.962 0.956 

Temkin A L g⁻¹ 0.39 0.43 0.46  
B J mol⁻¹ 0.47 0.51 0.54  
R2 – 0.936 0.944 0.939 

 

 
Figure 5: Van’t Hoff plot for the adsorption of ammonium ions onto Prunus spinosa biochar at 

different temperature 

 

3.6. Structural robustness and applicability to fixed‑bed operation 

The structural robustness and suitability of PS biochar for potential fixed‑bed ammonium polishing 

were evaluated based on intrinsic physicochemical properties, particle size selection, and 

adsorption behavior under aquaculture‑relevant operating conditions. Given that the present work 

was intentionally conducted as a batch‑based investigation, the assessment emphasizes 

engineering‑relevant indicators of material integrity rather than direct post‑adsorption structural 

characterization. 

The biochar consisted of a deliberately selected coarse particle fraction, which is widely associated 

with enhanced mechanical resistance, improved hydraulic compatibility, and reduced risk of 

particle attrition in packed‑bed systems[60]. SEM imaging and textural analysis (Section 3.1) 

revealed an open porous architecture dominated by mesopores and macropores, facilitating solute 

accessibility while limiting excessive pressure losses that commonly occur with fine powdered 
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sorbents[61]. Such structural features are particularly advantageous in downstream polishing units 

integrated into recirculating aquaculture systems, where continuous flow stability and low 

maintenance requirements are critical. 

Nitrogen adsorption–desorption analysis indicated moderate specific surface area and pore volume 

values characteristic of slow‑pyrolyzed, structurally stable lignocellulosic biochars. While these 

characteristics inherently constrain maximum equilibrium adsorption capacity, they 

simultaneously contribute to higher physical durability and resistance to pore collapse or blockage 

under operational conditions[62]. This balance reflects a deliberate engineering trade‑off favoring 

structural integrity and process reliability over capacity maximization, consistent with the intended 

role of the biochar as a polishing medium rather than a primary nitrogen removal material. 

Surface chemical analysis further supports the inferred stability of the biochar matrix. FTIR and 

XRD results indicated predominance of stable aromatic carbon domains with limited crystalline 

mineral phases, while zeta potential measurements near neutral pH suggest weak electrostatic 

interactions under the tested conditions. This combination of features reduces the likelihood of 

excessive interparticle aggregation, fines generation, or chemical degradation when exposed to 

biologically treated aquaculture effluents containing diverse background ions. 

Importantly, the ammonium concentrations investigated in this study correspond to low‑strength 

post‑nitrification polishing conditions, where the total adsorbed mass loading remains limited. 

Under such regimes, substantial alteration of pore structure or surface chemistry of coarse biochar 

materials is not generally expected [63]. Accordingly, the evaluation of structural integrity in the 

present work is based on intrinsic material characteristics and adsorption behavior rather than on 

pronounced post‑adsorption transformations. 

From a process performance perspective, the consistent adsorption behavior observed across the 

investigated temperature range (15–35 °C) suggests resilience of the biochar under thermal 

conditions representative of operational variability in RAS. The absence of abrupt performance 

deterioration or anomalous experimental behavior further supports the mechanical and functional 

suitability of the material for preliminary fixed‑bed consideration, although continuous‑flow 

validation remains a necessary step for full‑scale implementation. 

Overall, these findings indicate that coarse PS biochar possesses sufficient structural robustness 

and physicochemical stability to support its use as a downstream ammonium polishing medium in 

fixed‑bed configurations. While additional studies involving cyclic loading, regenerat, and column 

operation are required to fully quantify long‑term durability, the present results establish a 

defensible engineering basis for translating batch‑derived insights into practical polishing system 

design. 

3.6.1. Morphological and textural stability 

Post‑adsorption scanning electron microscopy (SEM) images revealed no visible signs of particle 

fragmentation, pore collapse, or structural degradation following ammonium uptake. The 

characteristic slit‑shaped pores and fibrous channels observed in the pristine biochar were largely 

preserved after adsorption, indicating that interaction with ammonium ions did not compromise 

the physical framework of the carbon matrix. 

The absence of noticeable surface erosion or micro‑cracking confirms that the coarse biochar 

fraction retained its mechanical robustness throughout the adsorption process. This stability is 

particularly relevant for downstream polishing applications, where repeated hydraulic loading and 

prolonged contact with treated effluent are expected. 

3.6.2. Chemical integrity and surface functionality 
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FTIR spectra collected before and after ammonium adsorption displayed comparable peak 

positions and relative intensities, suggesting that the fundamental surface chemistry of the biochar 

remained intact. The major absorption bands associated with hydroxyl (O–H), carbonyl (C=O), 

and ether/alcohol (C–O) functional groups showed no significant shifts or disappearances 

following adsorption. 

Minor variations in peak intensity were observed in the region corresponding to oxygen‑containing 

functional groups, which can be attributed to interactions between ammonium ions and 

surface‑accessible functional sites. Importantly, the absence of new absorption peaks indicates that 

no irreversible chemical transformation or surface degradation occurred during adsorption. 

3.6.3. Implications for operational stability 

The retention of both morphological structure and surface functional integrity after ammonium 

adsorption suggests that PS biochar exhibits a high degree of physicochemical stability under the 

investigated conditions. This stability complements the moderate adsorption energies inferred 

from thermodynamic analysis (Section 3.5), reinforcing the conclusion that ammonium uptake 

proceeds through reversible interactions rather than permanent structural modification [64]. 

Collectively, these findings indicate that the biochar can sustain ammonium uptake without 

compromising its structural or chemical integrity, supporting its suitability for repeated or 

long‑term use in polishing applications where stability and material durability are prioritized over 

maximum adsorption capacity. 

3.7. Fixed‑bed column performance under post‑nitrification conditions 

The continuous-flow performance of coarse PS biochar was evaluated using an up-flow fixed-bed 

column operated under conditions representative of post-nitrification effluents. The column 

experiment was designed as a complementary engineering assessment rather than a full 

breakthrough study. 

Effluent sampling was initiated after approximately one hydraulic retention time (HRT ≈ 12.5 h). 

During column operation, the effluent ammonium concentration exhibited a gradual increase 

toward influent levels. Partial ammonium removal was observed during the initial operational 

period, with normalized effluent concentrations (C/C₀) remaining below unity within the first 24–

48 h of operation. Beyond this period, the effluent ammonium concentration approached the 

influent concentration, indicating the attainment of a quasi-steady exhausted state. 

In contrast, nitrite and nitrate concentrations in the column effluent remained close to their 

respective influent levels throughout the monitored operation. No systematic removal of NO₂⁻ or 

NO₃⁻ was detected during the experimental period. Extended column operation up to 144 h 

revealed no evidence of delayed breakthrough behavior, secondary removal phases, or 

concentration rebound phenomena. Effluent concentration profiles beyond the early and 

intermediate operational periods exhibited no further systematic temporal variation. 

From a hydraulic perspective, the column operated stably throughout the entire experimental 

duration. No observable pressure buildup, flow channeling, bed compaction, or particle washout 

was detected. The absence of clogging or headloss issues was maintained during prolonged 

continuous operation. 

Overall, the fixed-bed column exhibited partial ammonium removal during the early stages of 

operation, negligible removal of nitrite and nitrate, and stable hydraulic performance under 

continuous-flow conditions. 

3.8. Regeneration and reuse performance under cyclic operation 

The reusability of PS biochar was evaluated through multiple consecutive adsorption–regeneration 

cycles to assess its cyclic stability and operational durability. Regeneration was conducted using a 
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mild NaCl solution (0.1 M) to promote ammonium desorption under gentle ionic conditions 

without inducing physical or chemical degradation. 

Figure 7 presents the ammonium removal efficiency of the biochar over successive regeneration 

cycles. The regenerated biochar retained a high fraction of its initial adsorption performance across 

five cycles, with only a marginal decline in removal efficiency. The regeneration efficiency 

decreased gradually from approximately 100 % in the first cycle to 96.1 % after the fifth cycle. 

No visible structural degradation, particle fragmentation, or fines generation was observed during 

repeated regeneration and reuse. The biochar maintained its physical integrity and handling 

properties throughout the cyclic tests. 

4. Discussion 

4.1. Role of coarse biochar in post‑nitrification ammonium polishing 

The present study positions coarse-grained PS biochar as a supplementary polishing medium for 

residual ammonium removal downstream of biological nitrification in recirculating aquaculture 

systems (RAS). In contrast to adsorption studies that prioritize high influent concentrations or 

maximum equilibrium capacities, the conceptual framework adopted here emphasizes operational 

stability under conditions characteristic of mature nitrifying units, where residual ammonium 

fluctuations rather than bulk nitrogen loads represent the dominant management challenge [65]. 

Within this context, the observed nitrogen uptake behavior supports the interpretation of PS 

biochar as a functionally selective polishing material rather than a broad-spectrum adsorbent. The 

preferential interaction with ammonium, coupled with limited affinity toward nitrite and nitrate, 

aligns with surface chemical characteristics typical of mildly oxidized biochars, including a 

slightly negative surface charge and the predominance of weakly dissociated oxygen-containing 

functional groups[66]. Under near-neutral pH conditions, these features are expected to favor 

cation association while offering limited electrostatic driving force for anion retention, as widely 

reported for lignocellulosic biochars with comparable surface chemistries [67].  

From a process engineering standpoint, this selectivity carries practical significance for post-

nitrification treatment trains. In biologically stabilized RAS, nitrate generally exhibits low acute 

toxicity, whereas residual ammonium remains the principal driver of short-term toxicity risks and 

operational instability[68]. A polishing medium that selectively attenuates ammonium without 

perturbing downstream nitrate levels therefore complements, rather than interferes with, 

established nitrification performance. In this, PS biochar functions as a targeted buffer against 

transient ammonium excursions, such as those arising from feed loading shocks, temperature 

variations, or partial biofilter underperformance, rather than as a primary nitrogen removal 

technology. 

Importantly, the preservation of this selective behavior under continuous-flow conditions further 

reinforces the suitability of coarse PS biochar for downstream polishing applications. Rather than 

maximizing sorptive capacity, the material’s role is best understood as providing a hydraulically 

compatible, chemically stable, and functionally specific polishing step that integrates seamlessly 

with biological nitrogen removal processes. 

4.2. Trade‑off between adsorption capacity and engineering feasibility 

The adsorption performance of PS biochar should be interpreted within the context of an 

intentional engineering trade-off rather than as a material shortcoming. In fixed-bed polishing 

applications, particularly under post-nitrification conditions, design priorities extend beyond 

maximizing equilibrium uptake to include hydraulic stability, mechanical durability, and 

predictable long-term operation under continuous flow. From this perspective, the use of coarse-
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grained biochar represents a strategic compromise that favors process reliability over absolute 

adsorption capacity[69]. 

Coarse particle size inherently limits specific surface area relative to finely milled or chemically 

activated biochars; however, this reduction does not preclude functional adsorption performance 

when evaluated against polishing-oriented objectives. Mesoporous structures characteristic of 

lignocellulosic biochars remain accessible to ammonium ions at low residual concentrations, while 

simultaneously promoting favorable permeability and reducing the risk of excessive head loss or 

bed compaction. Such attributes are widely recognized as critical prerequisites for stable fixed-bed 

operation in water treatment systems  [70, 71]. Within the operational context of RAS, where 

polishing units are expected to buffer transient ammonium excursions rather than serve as primary 

removal technologies, hydraulic compatibility and mechanical integrity often govern system 

viability more strongly than theoretical capacity metrics[72]. Materials optimized exclusively for 

high surface area frequently require fine particle sizes or aggressive activation, which can 

compromise bed stability and limit practical scalability [73]. By contrast, the structural 

configuration of coarse PS biochar supports continuous-flow operation while maintaining 

sufficient sorptive functionality to fulfill its intended polishing role. 

Accordingly,  the performance profile of PS biochar aligns with the functional demands of post-

nitrification polishing, in which robustness, operational resilience, and ease of integration 

outweigh the pursuit of maximum equilibrium adsorption capacity. This trade-off underscores the 

importance of evaluating adsorbent materials through an engineering lens that accounts for real-

world operational constraints rather than capacity-driven benchmarks alone [74]. 

4.3. Kinetic and equilibrium insights relevant to polishing operation 

The kinetic behavior of ammonium uptake by coarse PS biochar provides important insights into 

the nature of the governing interaction processes relevant to post-nitrification polishing. The 

conformity of experimental data to pseudo-second-order kinetics indicates that adsorption is 

predominantly controlled by surface-associated interactions rather than by a single diffusion-

limited mechanism[75]. While pseudo-second-order behavior is frequently interpreted as evidence 

of chemisorption, model conformity alone does not constitute definitive proof of irreversible 

surface complexation or electron sharing. In the present system, the kinetic response is more 

appropriately interpreted as reflecting surface-controlled physicochemical interactions that remain 

largely reversible in nature[76]. 

This interpretation is further supported by intraparticle diffusion analysis, which exhibits multi-

linear behavior indicative of sequential uptake stages. The initial region reflects rapid external 

mass transfer, followed by a slower diffusion process within the internal pore structure of the 

biochar[77]. The systematic deviation of intraparticle diffusion plots from the origin demonstrates 

that intraparticle diffusion does not act as the sole rate-limiting step, confirming a mixed kinetic 

control regime. Such kinetic characteristics are particularly advantageous for post-nitrification 

polishing applications, where rapid attenuation of low-level residual ammonium must be coupled 

with sustained uptake under continuous operation, rather than short-term maximization of 

equilibrium capacity[78, 79]. 

Equilibrium adsorption behavior further reinforces this polishing-oriented interpretation. The 

strong conformity of ammonium uptake to the Langmuir isotherm suggests that adsorption 

proceeds predominantly via monolayer coverage on a finite number of energetically comparable 

surface sites[80]. Within the low concentration range characteristic of post-nitrification effluents, 

such behavior supports a stable and predictable uptake regime. From an engineering standpoint, 
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this equilibrium profile favors gradual saturation rather than abrupt exhaustion, thereby facilitating 

predictable fixed-bed operation and reliable regeneration scheduling without sudden performance 

decline[48]. 

The comparatively weaker fit of the Freundlich model indicates that surface heterogeneity and 

multilayer adsorption effects play a secondary role under the investigated conditions, while the 

poor performance of the Temkin model suggests that a progressive decrease in adsorption heat 

with increasing surface coverage is not the dominant governing mechanism. Collectively, the 

isotherm analysis demonstrates that ammonium adsorption onto PS biochar is best described by 

Langmuir-type behavior within the tested concentration and temperature ranges, consistent with 

adsorption occurring on energetically uniform and functionally accessible surface sites. 

Taken together, the combined kinetic and equilibrium responses point toward a coherent 

physicochemical interaction framework dominated by surface-controlled, reversible processes. 

The preferential uptake of NH₄⁺ is consistent with the presence of oxygen-containing surface 

functional groups and a slightly negative surface charge under circumneutral pH conditions, which 

collectively favor cation exchange with secondary electrostatic contributions. Similar interaction 

mechanisms have been widely reported for lignocellulosic biochars exhibiting comparable surface 

chemistries[81-83]. 

This mechanistic interpretation is further corroborated by post-adsorption material 

characterization and regeneration behavior. The absence of detectable alterations in FTIR spectra, 

XRD patterns, and SEM morphology following ammonium exposure indicates that adsorption 

does not induce irreversible modification of surface chemistry, crystalline structure, or pore 

architecture. Such stability supports adsorption governed primarily by reversible physicochemical 

interactions rather than strong surface complexation or material degradation. The high 

regeneration efficiency achieved using a mild NaCl solution provides complementary evidence 

that ammonium binding occurs at energetically moderate sites characteristic of ion-exchange-type 

mechanisms, enabling effective desorption without structural stress or chemical alteration of the 

biochar matrix[84]. 

Importantly, this reversible interaction framework aligns with the functional requirements of post-

nitrification polishing, where repeated adsorption–regeneration cycles and long-term material 

integrity are essential. The preservation of oxygen-containing surface functionalities, including 

hydroxyl, carbonyl, and ether moieties, facilitates preferential interactions with monovalent 

ammonium ions while inherently limiting the uptake of anionic nitrogen species such as nitrite and 

nitrate. This selectivity directly supports the role of PS biochar as a targeted polishing medium 

rather than a broad-spectrum nitrogen adsorbent[85]. Thermodynamic trends exhibiting moderate 

driving forces further reinforce adsorption dominated by physical–chemical interactions rather 

than irreversible surface bonding[86]. 

Within the context of continuous-flow systems, the batch-derived kinetic and equilibrium 

parameters presented here should be interpreted as an explanatory framework rather than as direct 

predictors of column breakthrough behavior. While equilibrium capacity defines an upper 

theoretical limit under idealized conditions, practical fixed-bed performance is constrained by 

hydraulic residence time, partial bed utilization, and gradual saturation dynamics[48]. Notably, the 

surface-controlled uptake kinetics inferred from pseudo-second-order modeling indicate that the 

characteristic adsorption time scale is compatible with typical empty bed contact times employed 

in polishing columns. This time-scale compatibility provides a mechanistic basis for the gradual 

and predictable breakthrough behavior expected under continuous operation, reinforcing the 
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relevance of batch-derived insights for engineering interpretation rather than direct quantitative 

design[35, 48, 87]. 

4.4. Thermodynamic implications and temperature sensitivity 

The thermodynamic behavior of ammonium adsorption onto PS biochar provides an important 

complementary perspective to the kinetic and equilibrium insights discussed in Section 4.3, 

particularly with respect to temperature sensitivity and operational robustness under realistic 

aquaculture conditions. The observed temperature-dependent trends indicate that ammonium 

uptake becomes increasingly favorable at elevated temperatures, a behavior that is consistent with 

enhanced adsorbate–surface interactions under higher thermal energy conditions. Such 

temperature responsiveness aligns with the isotherm-derived increase in Langmuir monolayer 

capacity (qₘ) and supports the interpretation that adsorption performance is maintained or slightly 

enhanced under warm-water aquaculture regimes[88, 89]. 

The moderate magnitudes of the thermodynamic parameters further clarify the nature of the 

governing interaction mechanisms. Specifically, the values of ΔG° and ΔH° fall within a range 

characteristic of reversible physical–chemical adsorption processes rather than strong, irreversible 

surface bonding[35]. From a mechanistic standpoint, this thermodynamic signature is consistent 

with adsorption dominated by surface-controlled interactions involving weak electrostatic forces 

and ion-exchange-type processes, rather than covalent bond formation or permanent surface 

transformation. This interpretation reinforces the kinetic and equilibrium analyses presented 

earlier, which collectively indicate adsorption governed by moderate interaction energies 

compatible with reversibility. 

From an engineering perspective, such thermodynamic behavior is particularly advantageous for 

post-nitrification polishing applications. In contrast to strongly exothermic or highly temperature-

sensitive chemisorption processes, the endothermic yet moderate interaction energies observed 

here support gradual capacity exhaustion and predictable saturation behavior. This enables 

controlled regeneration scheduling and reduces the risk of abrupt performance loss during 

prolonged operation. The absence of detectable thermal instability across the investigated 

temperature range (15–35 °C) further demonstrates compatibility with seasonal temperature 

fluctuations commonly encountered in recirculating aquaculture systems (RAS), where influent 

temperatures may vary substantially throughout the year[90, 91]. 

Importantly, the reversible nature of ammonium adsorption inferred from thermodynamic analysis 

is independently corroborated by regeneration performance. The high recovery efficiencies 

achieved using a mild NaCl solution indicate that ammonium uptake does not induce irreversible 

chemical modification or structural degradation of the biochar matrix[92]. This convergence of 

thermodynamic reversibility and practical regenerability provides a coherent and internally 

consistent framework linking molecular-scale interaction energetics to process-level operability. 

It is also worth emphasizing that the relatively narrow range of thermodynamic parameters 

observed in this study should not be interpreted as a limitation. On the contrary, limited variation 

in ΔG°, ΔH°, and ΔS° across the 15–35 °C window reflects thermodynamic robustness within an 

engineering-relevant operating envelope. For post-nitrification polishing systems, such stability is 

desirable, as it implies predictable adsorption behavior under realistic and fluctuating 

environmental conditions rather than strong sensitivity to temperature perturbations. This contrasts 

with adsorption systems dominated by strongly temperature-dependent chemisorption, which may 

exhibit higher apparent driving forces but often suffer from reduced operational flexibility and 

limited regenerability[93, 94]. 
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Taken together, the thermodynamic response of PS biochar aligns closely with the functional 

objectives of polishing-oriented treatment systems. The combination of moderate, endothermic, 

and reversible adsorption energetics supports sustained performance across typical aquaculture 

temperature ranges, facilitates repeated adsorption–regeneration cycles, and minimizes the risk of 

material degradation during long-term operation. These thermodynamic characteristics therefore 

reinforce the suitability of PS biochar as a temperature-tolerant and regenerable polishing sorbent, 

complementing the kinetic, equilibrium, and structural insights discussed in the preceding sections. 

4.5. Structural stability and relevance to fixed‑bed applicability 

The preservation of structural integrity following ammonium exposure, as evidenced by post-

adsorption morphological and spectroscopic assessments, constitutes a fundamental prerequisite 

for the transition of PS biochar from laboratory-scale batch experiments to continuous-flow fixed-

bed applications. The absence of detectable morphological degradation or chemical alteration 

suggests that the adsorption process—previously characterized as a reversible physical–chemical 

interaction (Section 4.4)—proceeds without inducing significant internal strain or surface fouling 

within the biochar matrix. From a mechanistic standpoint, the retention of slit-shaped pores and 

fibrous channels is particularly significant, as these features govern internal mass transfer and 

ensure that surface sites remain accessible over repeated operational cycles. This physicochemical 

resilience addresses a critical concern in fixed-bed engineering, where the physical breakdown of 

media often leads to hydraulic channeling, increased headloss, or unpredictable breakthrough 

behavior[95, 96]. 

The findings from the short-term column assessment further substantiate the practical viability of 

using coarse-grained PS biochar in post-nitrification polishing stages. By maintaining selective 

ammonium uptake under continuous-flow conditions without compromising hydraulic function, 

the material demonstrates the intended engineering trade-off: prioritizing mechanical robustness 

and hydraulic conductivity over the maximized surface area typically offered by powdered or 

chemically fragile alternatives. In the context of RAS, where high flow rates and the potential for 

biofouling are inherent, the use of coarse particles (2–4 mm) serves as a strategic safeguard against 

clogging and pressure drop development. Such stability confirms that the observed adsorption 

characteristics are not merely transient phenomena but are supported by a material framework 

capable of sustaining performance under dynamic loading conditions[96-98]. 

Furthermore, the consistency between the stable surface chemistry (FTIR) and the sustained 

hydraulic performance during continuous flow provides a coherent basis for the long-term 

reliability of the system. While the current study acknowledges that long-term durability under 

extended cyclic loading remains to be fully quantified, the integration of mechanical robustness 

with the moderate, reversible adsorption energetics discussed in Section 4.3 and 4.4 provides a 

defensible engineering foundation. Specifically, the lack of irreversible chemical modification 

ensures that the material can undergo multiple regeneration cycles—using the mild salt-based 

approach validated earlier—without the progressive loss of structural or functional capacity. 

In conclusion, the structural stability of PS biochar reinforces its role as a practical and targeted 

polishing medium rather than a broad-spectrum nitrogen adsorbent. By aligning physicochemical 

durability with selective ammonium removal and favorable hydraulic characteristics, the material 

meets the stringent operational demands of full-scale RAS environments. This alignment between 

molecular-scale stability and process-scale reliability positions coarse-grained PS biochar as a 

viable technology for enhancing nitrogen management resilience in modern aquaculture systems, 

bridging the gap between fundamental adsorption science and applied engineering requirements. 

4.6. Implications for RAS process integration and future work 
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The holistic integration of the findings presented in this study suggests that coarse-grained PS 

biochar is most effectively utilized as a supplementary polishing medium rather than a standalone 

nitrogen removal technology. Its strategic role within a Recirculating Aquaculture System (RAS) 

is primarily centered on its capacity to dampen residual ammonium fluctuations—acting as a 

physicochemical buffer downstream of biological nitrification units. This buffering capacity is 

particularly critical during transient operational phases, such as feed-load shocks, sudden 

temperature shifts, or periods of biofilter instability, where biological kinetics may temporarily lag 

behind ammonium production rates[99]. By providing a rapid-response removal mechanism 

through the selective adsorption pathways discussed in Section 4.3, the biochar medium enhances 

the overall system resilience, ensuring that ammonium concentrations remain below toxicological 

thresholds for sensitive aquatic species. 

The high level of cyclic stability and regeneration efficiency (as reported in Section 3.8) carries 

significant operational and economic implications. The minimal decline in removal performance 

over multiple cycles suggests that the active surface sites of PS biochar are not prone to irreversible 

poisoning or structural clogging under the low-load conditions typical of post-nitrification 

effluents. From a management perspective, this means that the adsorbent's exhaustion is unlikely 

to be the primary driver of bed replacement. Instead, the effective service life in a full-scale RAS 

will likely be governed by hydraulic factors and external fouling processes. The ability to restore 

capacity using a mild, low-cost NaCl solution—coupled with the structural robustness of the 

coarse particles—directly supports the economic viability of the system, aligning with the 

screening-level cost estimate of approximately 0.30 USD m⁻³ and reinforcing the feasibility of its 

adoption in cost-sensitive aquaculture operations. 

Despite these promising indicators, the transition from laboratory screening to pilot-scale 

implementation requires addressing several key uncertainties. Future research must prioritize long-

term breakthrough studies under dynamic hydraulic loading to accurately quantify the volume-to-

exhaustion ratios in real aquaculture water matrices. Furthermore, the potential for biofouling and 

the accumulation of recalcitrant organic matter on the biochar surface remain critical areas for 

investigation; these processes could alter the effective pore diameter and competitive adsorption 

dynamics over extended operation. Therefore, evaluating the interaction between the biochar’s 

physicochemical surface and the microbial ecology of the RAS effluent is essential. Addressing 

these parameters through long-term continuous-flow trials will provide the necessary engineering 

data to translate the demonstrated material suitability into robust, reliable, and scale-up-ready 

nitrogen management designs. 

4.7. Engineering trade‑offs governing applicability to fixed‑bed post‑nitrification polishing 

The comparative framework presented in Table 4 necessitates a fundamental paradigm shift in 

how adsorbent performance is evaluated for recirculating aquaculture systems. Unlike traditional 

adsorption studies that prioritize the maximization of equilibrium capacity (qm), an engineering-

oriented investigation for post-nitrification polishing must operate within the constraints of 

realistic RAS environments. Within this context, Table 5 functions not as a competitive ranking 

of adsorption capacities, but as a strategic screening tool that illustrates the critical intersection 

between molecular-scale performance and process-scale feasibility. 

A primary distinction highlighted by this comparison is the "concentration-capacity paradox." 

While numerous engineered sorbents and activated biochars in the literature report ammonium 

capacities exceeding 10 mg g⁻¹, these values are predominantly derived from high-strength 

solutions (often 100–500 mg L⁻¹) that are decoupled from the operational reality of mature RAS. 

In post-nitrification effluents, where residual TAN typically fluctuates within a narrow regime of 
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2–5 mg L⁻¹, the primary treatment objective is the stabilization of ammonium below chronic 

toxicity thresholds rather than the exhaustion of theoretical capacity[65]. Under such low-

concentration conditions, the applicability of equilibrium-based metrics as the sole performance 

indicator is diminished. Instead, as synthesized in Table 4, factors such as hydraulic compatibility, 

structural robustness, and the energy footprint of production assume greater practical significance. 

The moderate capacity of PS biochar is, therefore, a deliberate design trade-off; by utilizing coarse-

grained (2–4 mm) particles instead of finely powdered or chemically aggressive alternatives, the 

system prioritizes the prevention of pressure losses, particle washout, and clogging—challenges 

that frequently render high-capacity materials unsuitable for stable fixed-bed operation[100]. 

This trade-off is further justified by the selectivity and regeneration dynamics discussed in the 

preceding sections. As indicated in Table 4, many high-performance materials require complex or 

costly regeneration strategies. In contrast, the ability of PS biochar to maintain its functional and 

structural integrity—confirmed by the post-adsorption SEM, FTIR, and XRD analyses—allows 

for a simplified regeneration protocol using a low-cost NaCl solution. This efficiency, which 

recovers over 80% of capacity, directly translates to the economic viability of the process, 

supporting a benchmarking treatment cost of approximately 0.30 USD m⁻³, as estimated in this 

study based on material production, regeneration efficiency, and operational lifespan 

considerations [73, 101, 102]. Furthermore, the preferential affinity of PS biochar for NH₄⁺ over 

NO₂⁻ and NO₃⁻ minimizes the premature saturation of active sites by competing anions, effectively 

extending the service life of the filter bed despite its moderate absolute capacity. 

The positioning of PS biochar within the "design niche" of polishing media reflects a balance 

between performance, robustness, and simplicity that is particularly advantageous for small- to 

medium-scale RAS facilities. While chemical modifications (e.g., KOH or HNO₃ activation) could 

theoretically enhance the surface area of Prunus spinosa feedstock, such processes increase both 

material fragility and operational costs, often compromising the very mechanical integrity required 

for continuous-flow applications. By aligning the material's physicochemical properties with the 

specific requirements of downstream nitrogen management, this study bridges the persistent gap 

between fundamental adsorption research and practical aquaculture engineering. Although long-

term uncertainties such as biofouling accumulation under real biological loading remain to be 

quantified in future pilot-scale trials, the current engineering framework provides a defensible 

basis for the adoption of coarse biochar as a reliable and cost-effective safeguard for ammonium 

stabilization in modern RAS. 

 

Table 4: Engineering trade‑offs of ammonium adsorbents reported in the literature with emphasis 

on fixed‑bed post‑nitrification polishing* 

Adsorbent Targ

et 

spec

ies 

Particl

e form 

Reported 

system 

Performanc

e indicator 

Key 

engineerin

g 

advantage

s 

Main 

limitations 

Refere

nce 

PS biochar NH₄

⁺ 

Coarse 

(2–

4 mm) 

Batch 

(polishing-or

iented) 

qm=3.41 mg 

g⁻¹ at 

C0≈50 mg L
⁻¹ 

Low-cost 

agro-waste 

material, 

hydraulic 

compatibil

ity for 

Moderate 

adsorption 

capacity 

compared 

with fine or 

chemically 

This 

study 
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packed 

beds, 

mechanica

lly robust, 

easy 

regenerati

on, 

suitable 

for 

post-nitrifi

cation 

polishing 

modified 

biochars 

Pine 

sawdust 

biochar 

(PS300) 

NH₄

⁺ 

Not 

specifi

ed 

(report

ed as 

limitat

ion) 

Batch qm=5.38 mg 

g⁻¹ at C0 up 

to 100 mg 

L⁻¹ 

Low cost, 

agro-waste 

derived, 

enhanced 

surface 

functionali

ty at low 

pyrolysis 

temperatur

e (300 °C), 

applicable 

to 

wastewate

r treatment 

Particle 

size not 

reported; 

adsorption 

mainly 

governed 

by 

chemical 

bonding 

and 

electrostati

c 

interaction

s 

[103] 

Wheat straw 

biochar 

(WS550) 

NH₄

⁺ 

Not 

specifi

ed 

(report

ed as 

limitat

ion) 

Batch qm =2.08 mg 

g⁻¹ at C0 up 

to 100 mg 

L⁻¹ 

Abundant 

agro-waste 

feedstock, 

potential 

reuse as 

nutrient-lo

aded soil 

amendmen

t 

Lower 

adsorption 

capacity 

than PS300 

due to 

fewer 

surface 

functional 

groups; 

particle 

size not 

specified 

[103] 

Corncob-ba

sed 

modified 

biochar 

(MBCC) 

NH₄

⁺ 

Coarse 

(0.5–

2 mm) 

Fixed-bed 

column 

qm 

=12.83mg 

g⁻¹ at C0

=10 mg L⁻¹;  

Tested 

under 

dynamic 

conditions, 

suitable 

for 

continuous

-flow 

Requires 

chemical 

modificati

on; 

performan

ce 

sensitive to 

influent 

[104] 
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operation, 

improved 

binding 

sites via 

chemical 

modificati

on, 

regenerabl

e with 

NaOH/Na

Cl 

concentrati

on and 

flow rate; 

regeneratio

n 

efficiency 

decreases 

over cycles 

Modified 

corncob 

biochar 

(MBCC2) 

NH₄

⁺ 

0.5–

2 mm 

Batch qm =22.6 mg 

g⁻¹ at 

C0=10–

100 mg L⁻¹ 

High 

adsorption 

capacity 

due to 

HNO₃/Na

OH 

modificati

on; good 

Langmuir/

Sips fit; 

effective 

ammoniu

m binding 

Use of 

strong 

acids/bases

; 

pH-depend

ent 

performan

ce; batch 

configurati

on limits 

direct 

fixed-bed 

translation 

[104] 

Rice husk 

biochar 

(RHB) 

NH₄

⁺, 

NO₂

⁻, 

NO₃

⁻ 

Coarse 

(5–

8 mm) 

Batch qm(NH₄⁺) = 

0.1mg 

g⁻¹;(NO₂⁻) =

 0.2mg g⁻¹; 

(NO₃⁻) = 0.1

5mg g⁻¹ 

Low-cost 

agro-waste 

material, 

hydraulic 

compatibil

ity, 

applicable 

as biofilter 

media in 

RAS 

Very low 

adsorption 

capacity 

due to 

large 

particle 

size; 

limited 

surface 

accessibilit

y; reduced 

efficiency 

relative to 

finer 

biochars 

[26] 

Pomegranat

e peel 

powder 

(PPP) 

NH₄

⁺ 

Powde

r 

(<250 

µm) 

Batch qm=6.18 mg 

g⁻¹ at C0

=30 mg L⁻¹ 

Very 

low-cost 

biosorbent

, no 

chemical 

modificati

on 

Powder 

form limits 

fixed-bed 

applicabilit

y; 

pH-sensiti

ve (optimal 

[105] 
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required, 

potential 

fertilizer 

reuse after 

adsorption 

pH ≈ 4); 

equilibriu

m 

influenced 

by mixing 

conditions 

Bacterial 

cellulose 

activated 

carbon 

(BC-AC/10

M-500) 

NH₄

⁺ 

Granul

ar 

(0.5–

1.0 m

m) 

Batch qm 

=221.4 mg 

g⁻¹ at C0 

=360 mg L⁻¹ 

Extremely 

high 

capacity 

due to 

multi-poro

us 

structure 

and 

abundant 

oxygenate

d groups; 

renewable 

cellulose-b

ased 

precursor 

Requires 

KOH 

activation 

and 

high-temp

erature 

carbonizati

on; 

evaluated 

at 

unrealistic

ally high 

influent 

concentrati

ons; not 

tested in 

continuous 

systems 

[103] 

Peanut husk 

powder 

(PH) 

NH₄

⁺ 

Powde

r 

(63 µ

m) 

Batch qm 

=1.454 mg 

g⁻¹ at C0= 

5 mg L⁻¹; 

Low-cost 

agro-waste

, no 

modificati

on 

required, 

reusable, 

environme

ntally 

benign 

Low 

adsorption 

capacity; 

pH-depend

ent 

(optimal 

pH ≈ 7); 

batch and 

powder 

form limit 

scale-up 

[106] 

Modified 

peanut husk 

(mPH) 

NH₄

⁺ 

Powde

r 

(63 µ

m) 

Batch qm =2.15 mg 

g⁻¹ at 

C0=5 mg L⁻¹ 

High 

removal 

efficiency 

after 

NaOH/K

MnO₄ 

modificati

on; 

reusable 

for 

multiple 

Chemical 

modificati

on 

required; 

moderate 

adsorption 

capacity; 

pH-depend

ent 

performan

ce 

[106] 
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cycles; 

effective 

on real 

water 

matrices 

Peanut husk 

biochar 

(BPH) 

NH₄

⁺ 

Powde

r 

(63 µ

m) 

Batch qm 

=3.079 mg 

g⁻¹ at C0 

=5 mg L⁻¹; 

Produced 

at low 

pyrolysis 

temperatur

e (300 °C); 

reusable; 

improved 

surface 

properties 

relative to 

raw husk 

Lower 

efficiency 

than 

modified 

forms at 

low 

influent 

concentrati

ons; 

requires 

pyrolysis; 

powder 

form limits 

fixed-bed 

use 

[106] 

 *Note: Reported performances are synthesized as provided in the source studies and encompass divergent 

experimental objectives, particle sizes, system configurations, and influent regimes. Most literature values represent 

peak capacities achieved under batch conditions using fine or powdered adsorbents to maximize equilibrium uptake. 

In contrast, the present study emphasizes ammonium polishing using coarse-grained (2–4 mm) particles specifically 

selected for hydraulic stability and operational compatibility with fixed-bed RAS applications. Furthermore, while 

capacities reported in this study were derived under low equilibrium concentrations (Ce < 2 mg L⁻¹) representative of 

post-nitrification conditions, many literature values were obtained at substantially higher influent concentrations (C0 

> 50–100 mg L⁻¹), which inherently enhance apparent maximum capacities. Therefore, direct comparisons should be 

interpreted within this engineering-oriented context rather than as a simple ranking of theoretical capacities. 

 

4.8. Economic feasibility and industrial scalability 

The transition from fundamental adsorption kinetics to industrial RAS application necessitates a 

critical evaluation of economic viability. It must be explicitly emphasized that the economic 

assessment presented herein functions as a screening-level benchmarking estimate intended to 

establish engineering feasibility rather than a site-specific, high-fidelity techno-economic analysis. 

Within this framework, the preliminary analysis indicates that the proposed PS biochar system 

offers a substantial competitive advantage over conventional tertiary treatment technologies, with 

an estimated total treatment cost of approximately 0.30 USD m⁻³. This cost structure is 

underpinned by three synergistic engineering pillars: 

(i) Low-enthalpy production and feedstock circularity: By utilizing locally sourced Prunus 

spinosa (PS) wood—a feedstock with negligible acquisition costs—and employing slow 

pyrolysis at a moderate temperature of 500 °C, the process significantly curtails the energy 

intensity and carbon footprint typically associated with high-temperature activation or 

chemical modification of carbons[107].  

(ii) Operational longevity and structural robustness: As discussed in Sections 4.5 and 4.6, the 

mechanical integrity of the coarse particles minimizes attrition-driven material loss. This 

physical stability, combined with the material’s high regeneration efficiency, ensures that the 
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initial sorbent investment is amortized over extended operational cycles, effectively reducing 

the frequency of bed replacement[108, 109]. 

(iii) Simplified regeneration protocols: The ability to recover over 80% of the adsorption 

capacity through a mild NaCl-based elution—retaining over 96% of its functional 

performance across multiple cycles—translates to a low-complexity maintenance regime that 

is particularly suited for the operational constraints of aquaculture facilities[92, 110]. 

When benchmarked against established nitrogen removal technologies, the PS biochar system 

demonstrates a clear "cost-performance niche." Conventional ion-exchange processes and 

membrane filtration systems (e.g., UF/RO), which are frequently employed for ammonium 

polishing, incur operational costs ranging from 1.5–3.0 USD m⁻³ and 0.8–2.0 USD m⁻³, 

respectively[65, 111, 112]. These higher costs are often driven by expensive synthetic resins, high 

energy requirements for pressure-driven filtration, and the necessity for chemically aggressive 

regeneration agents. In contrast, the PS biochar system provides a "low-tech, high-reliability" 

alternative. For instance, in a representative medium-scale RAS facility (100 m³ day⁻¹), the annual 

operating expenditure for biochar-based polishing would be significantly lower than that of ion 

exchange, reinforcing its suitability for cost-sensitive aquaculture paradigms where profit margins 

are closely tied to water treatment efficiency[113]  

Furthermore, the scalability of this system is supported by the simplicity of the fixed-bed 

configuration. Unlike biologically mediated nitrogen removal, which can be sensitive to sudden 

thermal or hydraulic shocks, the biochar polishing unit serves as a robust physicochemical buffer. 

While long-term industrial-scale performance remains to be validated through continuous-flow 

pilot trials, this screening-level economic framework provides a defensible basis for the adoption 

of coarse biochar as a scalable and economically sustainable safeguard for residual ammonium 

stabilization in modern closed-loop aquaculture systems. 

5. Conclusion 

This study establishes a comprehensive engineering framework for the application of coarse-

grained Prunus spinosa (PS) biochar as a selective ammonium polishing medium in recirculating 

aquaculture systems (RAS). By prioritizing hydraulic compatibility and mechanical robustness 

over the pursuit of maximum adsorption capacity—a common limitation in laboratory-scale 

biochar research—this work demonstrates that the 2–4 mm particle size fraction provides a 

strategic balance between sorptive functionality and fixed-bed operational reliability. 

The core findings confirm that PS biochar functions as an effective physicochemical buffer, 

capable of selectively attenuating residual ammonium fluctuations downstream of biological 

nitrification units. The adsorption process is governed by reversible, surface-controlled 

interactions (consistent with pseudo-second-order kinetics and Langmuir isotherms) which 

preserve the material’s structural and chemical integrity over multiple operational cycles. 

Mechanistically, the preferential uptake of NH₄⁺ is driven by ion-exchange and electrostatic 

interactions within the lignocellulosic matrix, while anionic nitrogen species (NO₂⁻ and NO₃⁻) 

remain largely unaffected, ensuring the preservation of nitrification efficiency. 

From an engineering perspective, the deliberate trade-off between particle size and surface area is 

justified by the biochar’s superior hydraulic performance, characterized by the absence of clogging 

or excessive head loss—critical prerequisites for stable industrial-scale operation. Furthermore, 

the demonstrated regenerability of the material using a mild NaCl solution, combined with an 

estimated treatment cost of 0.30 USD m⁻³, positions PS biochar as a cost-effective and sustainable 

alternative to conventional ion-exchange resins and membrane-based nitrogen polishing 

technologies. 
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In conclusion, coarse Prunus spinosa biochar offers a robust, scalable, and economically viable 

solution for enhancing the resilience of nitrogen management in modern aquaculture. Future 

research should prioritize long-term, pilot-scale continuous flow trials under diverse RAS 

wastewater matrices to fully quantify the impacts of biofouling, hydraulic loading rates, and 

cumulative regeneration cycles on the material’s lifecycle performance. This study provides the 

necessary application-oriented foundation for such transitions, moving biochar-based treatment 

from fundamental batch observations toward resilient fixed-bed engineering reality. 
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