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A B S T R A C T

This study provides an analysis of the phosphorus adsorption efficacy of three modified drinking 
water treatment residues (MDWTRs): MDWTR-P (powdered form), MDWTR-D2, and MDWTR-D5 
(alginate bead-entrapped forms with bead diameters of 2 mm and 5 mm, respectively). The 
preparation process involved washing and drying the drinking water treatment residue, followed 
by grinding and sieving to achieve particle sizes below 90 μm. The residue was then incinerated at 
600 ◦C in oxygen-limited conditions. Subsequently, the MDWTR was formulated into alginate 
beads by mixing with sodium alginate and FeCl3 solutions, resulting in spherical particles of 
specified diameters. The evaluation of surface area, pore volume, pore size, and CHN concen
tration revealed that MDWTR-D5 possesses the largest surface area (284.7 m2 g− 1) and highest 
micropore volume (0.04 cm3 g− 1), indicating a greater capacity for adsorption. SEM-EDS analysis 
demonstrated significant compositional changes post-treatment, particularly elevated phosphorus 
levels, confirming effective adsorption. Metal content analysis indicated high aluminum levels in 
MDWTR-P and increased iron content in MDWTR-D5. Toxicity Characteristic Leaching Procedure 
(TCLP) and in vitro bioaccessibility (IVBA) tests confirmed the non-hazardous nature of all 
MDWTRs, ensuring their safety for environmental applications. Kinetic analyses using pseudo- 
first-order, pseudo-second-order, and intraparticle diffusion models highlighted the superior 
performance of MDWTR-D5, with the highest equilibrium adsorption capacity and initial 
adsorption rate across all tested concentrations, suggesting both high efficiency and rapid 
adsorption potential. Further validation using Langmuir and Freundlich isotherms revealed 
MDWTR-D5’s highest monolayer adsorption capacity (22.88 mg g− 1) and Freundlich adsorption 
capacity parameter (6.97 mg g− 1). Statistical analysis via one-way ANOVA confirmed significant 
differences in phosphorus concentrations among the MDWTRs samples (p-value <0.001), 
consistently underscoring MDWTR-D5’s superior adsorption performance. These findings high
light MDWTR-D5’s potential as an effective adsorbent for phosphorus removal in wastewater 
treatment, emphasizing its applicability in environmental remediation strategies.
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1. Introduction

The presence of phosphorus contamination in water bodies is a significant environmental issue worldwide, which has extensive 
implications for the health of ecosystems, the quality of water, and the well-being of humans [1,2]. Phosphorus pollution in Thailand is 
a multifaceted issue, primarily driven by activities in the fisheries, livestock, and agricultural sectors, as well as urban waste man
agement [3,4]. Elevated phosphorus concentrations can result in eutrophication, a process characterized by detrimental algal blooms, 
depletion of oxygen, and a reduction in biodiversity, ultimately undermining the ecological balance of aquatic environments [5,6]. The 
reported total phosphorus (TP) concentration in Bangkok’s domestic wastewater, ranging from 0.6 to 1.05 mg L− 1, indeed presents a 
significant concern for water quality management, as this level of phosphorus can contribute to eutrophication in receiving water 
bodies if not adequately treated before discharge [7]. In addition, eutrophication has substantial economic implications, affecting 
sectors such as agriculture, fishing, and tourism, and jeopardizing the long-term viability of water resources [8,9]. Efficient phosphorus 
removal is crucial in wastewater treatment to reduce the negative impacts of phosphorus contamination and to meet the legal re
quirements for releasing treated wastewater [10]. Conventional techniques, such as coagulation precipitation, have been extensively 
utilized in wastewater treatment facilities to eliminate phosphorus [11,12]. Nevertheless, these approaches have several disadvan
tages, such as exorbitant operational expenses, production of substantial quantities of sludge, and potential environmental hazards 
linked to sludge disposal [13]. However, the adsorption process offers a promising alternative, as it has been well described by 
Langmuir and Freundlich isotherms, with regression coefficients (R2 and Adj. R2) close to 1, confirming the model’s fitness [14].

Recently, there has been increasing interest in investigating alternative methods for removing phosphorus via wastewater treat
ment, with an emphasis on ecological and economical alternatives. Among these options, drinking water treatment residuals (DWTRs) 
have emerged as potential choices for absorbing phosphorus [15]. DWTRs are the residual substances that are formed as a result of 
treating untreated water to make it safe for drinking [16]. These residues primarily contain inorganic substances like aluminum and 
iron hydroxides, along with organic matter [17]. Due to their natural ability to adsorb substances, DWTRs are highly desirable for 
removing phosphorus in wastewater treatment [18,19]. Additionally, their availability as byproducts of drinking water treatment 
procedures further enhances their appeal. Furthermore, DWTRs can be altered using diverse methods to augment their ability to absorb 
phosphorus, providing possibilities to raise the efficiency and efficacy of phosphorus elimination in wastewater treatment facilities. 
Investigations into the alteration of DWTRs have produced encouraging outcomes, since studies have shown the effectiveness of 
modified DWTRs in eliminating phosphorus from wastewater [20,21]. Studies have demonstrated that employing methods like 
oxygen-limited heat treatment can improve the ability of DWTRs to absorb phosphorus by modifying their physical and chemical 
characteristics, such as surface area and porosity [22–24]. The integration of DWTRs into treatment media, such as bioretention 
systems, has been shown to enhance phosphorus removal efficiency in comparison to systems that do not include DWTRs [25–27]. In 
addition, novel methods, such as enclosing granular DWTRs in alginate beads, have been created to tackle the difficulties related to the 
management and use of DWTRs in wastewater treatment procedures [27]. Alginate beads containing granular DWTRs have benefits 
such as enhanced mechanical stability, higher surface area, and improved phosphorus adsorption capability [28]. These characteristics 
make them suitable for practical use in wastewater treatment systems. Applying the Langmuir isotherm and Freundlich model to 
analyze the adsorption process of MDWTRs provides valuable understanding of the phosphorus removal mechanism [29]. The 
Langmuir isotherm postulates the adsorption of a single layer on a uniform surface, whereas the Freundlich model characterizes the 
adsorption of many layers on non-uniform surfaces [25,30]. The suitability of these models indicates that the process of phosphorus 
adsorption onto MDWTRs primarily happens as a single layer on a uniform surface, emphasizing the potential of MDWTRs as an 
effective adsorbent for eliminating phosphorus in wastewater treatment applications [31–33] In parallel with these developments, 
recent studies have enhanced adsorbents using techniques such as Central Composite Design (CCD) with Multi-Walled Carbon 
Nanotubes (MCSMWCNTs), achieving an adsorption capacity of 256.4 mg g− 1 for Acetaminophen (ACT). The Langmuir and 
pseudo-second-order kinetic models showed the best performance in these studies, highlighting the efficiency of MCSMWCNTs in 
removing ACT from aqueous solutions [34]. Additionally, Carbon Quantum Dots (CQDs) have garnered attention for their versatility, 
cost-effectiveness, and ease of synthesis, making them promising candidates for water and wastewater treatment applications [35]. 
Furthermore, Mg-Al-LDH-based adsorbents have demonstrated a high removal efficiency of diethyl phthalate (DEP), achieving a 
removal efficiency of 96.7 % and an adsorption capacity of 101.6 mg g− 1 [36]. These advancements collectively demonstrate the 
increasing potential of innovative adsorbents in improving the effectiveness of water treatment processes.

This study aims to rigorously compare the phosphorus adsorption efficiency of three distinct forms of modified drinking water 
treatment residues (MDWTRs), each with particle sizes below 90 μm, which have been subjected to incineration at 600 ◦C in an 
oxygen-limited environment. The MDWTRs were prepared in both powdered form and as alginate beads with diameters of 2 mm and 5 
mm. Comprehensive physical and chemical characterization was performed using advanced analytical techniques such as BET for 
surface area and porosity analysis, FTIR for functional group identification, XRF for elemental composition, SEM-EDS for surface 
morphology and elemental distribution, and ICP-OES for metal content analysis.

The study also examined phosphorus adsorption kinetics and isotherms, employing models such as the Langmuir and Freundlich 
isotherms to elucidate the adsorption mechanisms. The influence of pH on adsorption was systematically investigated across a range of 
conditions to determine optimal operational parameters. Additionally, the environmental safety of the MDWTRs was assessed through 
the Toxicity Characteristic Leaching Procedure (TCLP) and in vitro bioaccessibility (IVBA) tests, ensuring the non-hazardous nature of 
the materials and their suitability for environmental applications.
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2. Material and methods

2.1. Material

The following chemicals were used in the study: sodium alginate (NaC6H7O6) was obtained from Sisco Research Laboratories Pvt. 
Ltd., India. Ferric chloride (FeCl3) was sourced from Loba Chemie Pvt. Ltd., India. Acetic acid-sodium acetate was provided by Inter 
Education Supply Co., Ltd., Thailand. Laboratory-grade hydrochloric acid (HCl) was also utilized. Potassium dihydrogen phosphate 
(KH2PO4) was acquired from Ajax Finechem, Thermo Fisher Scientific, Australia. All chemicals were of analytical grade, and deionized 
water was used for preparing solutions.

2.2. Preparation of MDWTRs

The DWTR collected from the Ubon Ratchathani water supply point underwent a series of preparation steps for analysis. Initially, 
the samples were washed thrice with deionized water, followed by drying at 103–105 ◦C for 24 h. Subsequently, they were ground and 
sieved through 180 mesh to obtain particle sizes <90 μm. The resulting samples were then subjected to incineration in an oxygen- 
limited muffle furnace at 600 ◦C for 10 h (ISOLAB Laborgeräte GmbH, Germany), followed by cooling in a desiccator for 1 h (S.P. 
Dry Module, Japan), resulting in what is termed as modified drinking water treatment residue (MDWTRs). This modified residue is 
stored in moisture-free containers and referred to as MDWTR-P when in powder form [37].

2.3. Preparation of granular MDWTRs

Create a sodium alginate solution with a concentration of 2 % (w/v) by dissolving sodium alginate (NaC6H7O6) in 100 ml of 
deionized water. Continuously agitate the solution until it has a uniform and consistent composition. Subsequently, include 50 g of the 
previously made MDWTRs into the solution, gradually and while stirring, in order to achieve a uniform and consistent combination. 
Next, create a solution by dissolving 2 % (w/v) FeCl3 in deionized water, with a volume of 100 ml. Next, employ a pipette to take out 
the MDWTRs and dispense them into the FeCl3 solution, resulting in the formation of particles with a spherical morphology [28,38]. 
The volume of MDWTRs is subsequently modified to achieve diameters of 2 mm (MDWTR-D2) and 5 mm (MDWTR-D5). Subsequently, 
the material is immersed for a duration of 4 h, followed by three rinses with deionized water. It is then subjected to a drying process at a 
temperature of 60 ◦C for 2 h, before being positioned. Allow to cool at ambient temperature. Place the substance in a beaker and cover 
it with foil. Then, store it in a desiccant cabinet to be used in the subsequent experiment.

2.4. The lability of heavy metals

2.4.1. The toxicity characteristic leaching procedure (TCLP)
Prepare a 20 mL solution of acetic acid-sodium acetate and adjust the pH to 4.93 ± 0.05. Add 1 g of each of the three varieties of 

MDWTRs to the solution and stir at a speed of 150 rpm for 18 h. After the stirring period, filter the sample using 0.45 μm cellulose 
acetate filter paper. Subsequently, transfer 10 mL of the filtered sample into a test tube and ensure it is securely sealed. Conduct heavy 
metal analysis using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), specifically with the Optima 8000 ICP- 
OES (PerkinElmer, Inc., Waltham, USA). The analysis will include the detection of arsenic, lead, cobalt, cadmium, mercury, iron, 
manganese, calcium, and aluminum.

2.4.2. The process of in vitro bioaccessibility (IVBA)
To prepare a 0.4 M glycine solution with a final volume of 100 mL, dissolve the appropriate amount of glycine in distilled water. 

Adjust the pH of the solution to 1.5 ± 0.5 at 37 ◦C using laboratory-grade hydrochloric acid (HCl). Subsequently, supplement each type 
of MDWTR into three separate experimental sets, with each set containing 1 g. Place the samples in a shaking incubator set at 30 rpm 
and 37 ◦C for 1 h. After the incubation period, ensure that the pH value remains within ±0.5 of the initial pH. Next, filter the samples 
through a 0.45 μm cellulose acetate filter. Measure and record the volume of the filtrate, ensuring it is 10 mL. Submit the filtered 
samples for analysis to determine the concentration of heavy metals, following the procedure outlined in Experiment 2.3.1. Calculate 
the in vitro bioaccessibility (IVBA) using the following formula (1): 

In vitro bioaccessibility (IVBA)=
HMext⋅Vext ⋅ 100

HMMDWTR⋅MDWTRmass
(1) 

where: HM = heavy metal, HMext = in vitro extractable heavy metal in the vitro extract (mg L− 1), Vext = volume of extraction solution 
(L), HMMDWTR = heavy metal concentration in the MDWTRs sample (mg kg− 1), and MDWTRmass = mass of MDWTRs sample (kg) [39]

2.5. Effect of pH on phosphorus adsorption

Prepare potassium dihydrogen phosphate (KH2PO4) solutions with phosphorus concentrations of 50, 100, and 500 mg L− 1. Aspirate 
50 mL of each solution and adjust their pH levels to 3, 5, 7, 9, and 11, respectively. Add 0.5 g of each type of MDWTRs to separate 
Erlenmeyer flasks containing the solutions, ensuring triplicate testing for each concentration and pH condition. Shake the mixtures at 
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100 rpm for 48 h to reach equilibrium. After equilibration, measure the phosphorus content in the samples using the ascorbic acid 
method [40].

2.6. The characterization of powder and granular MDWTRs

For the characterization of MDWTRs (MDWTR-P, MDWTR-D2, and MDWTR-D5), several analyses were performed. Specific surface 
area (SSA) analysis, pore volume determination, and gas adsorption measurements were conducted using the BET method on a 5-g 
sample with the QUADRASORB evo Gas Sorption Surface Area and Pore Size Analyzer (Anton Paar, Graz, Austria). Surface 
morphology was examined via scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (SEM-EDS) on a 10-g 
sample, utilizing the JEOL JSM-6010 LA, JSM-7610F Plus (Tokyo, Japan). Additionally, metal content analysis, including arsenic, 
lead, cobalt, cadmium, mercury, iron, manganese, calcium, and aluminum, was performed using inductively coupled plasma optical 
emission spectrometry (ICP-OES) with the Optima 8000 ICP-OES (PerkinElmer, Inc., Waltham, USA) on a 10-g sample. For elemental 
composition analysis, X-ray fluorescence (XRF) was conducted using the Rigaku ZSX Primus (Tokyo, Japan) on a 10-g sample. Fourier- 
transform infrared spectroscopy (FT-IR) was carried out on a 5-g sample with the Nicolet 6700 FT-IR Spectrometer (Thermo Fisher 
Scientific, Waltham, USA). The carbon, hydrogen, and nitrogen content was assessed using the LECO CHN628 analyzer (Saint Joseph, 
USA) on a 5-g sample.

2.7. Adsorption kinetics

Prepare solutions of KH2PO4 with phosphorus concentrations of 0, 50, 100, 250, and 500 mg L− 1, maintaining a pH range of 6–6.5. 
Transfer 100 mL of each solution into separate 100 mL Erlenmeyer flasks. Add 1 g of MDWTRs in powder form, D2, and D5 to separate 
flasks, creating distinct experimental batches for each type of MDWTR. Conduct duplicate experiments by shaking the mixtures at 100 
rpm and maintaining a temperature of 25 ◦C. At specified intervals of 2, 4, 6, 8, 10, 12, 24, 48, and 72 h, take 10 mL samples to measure 
soluble reactive phosphorus (SRP) using the ascorbic acid method [40].

To gain deeper insights into the adsorption kinetics, the experimental data were analyzed by employing the pseudo-first-order 
kinetic model (Eq. (2)) and the pseudo-second-order kinetic model (Eq. (3)), which are widely utilized for elucidating the rate- 
determining step and the potential mechanism governing the adsorption process [41]. 

qt = qe
(
1 − e− k1 t) (2) 

t
qt
=

1
k2⋅q2

e
+

t
qe

(3) 

In these equations, qt and qe represent the amounts of P adsorbed onto the granular DWTR (mg g− 1) at time t and at equilibrium, 
respectively. k1 denotes the rate constant associated with the pseudo-first-order kinetic model (h− 1), while k2 is the rate constant 
corresponding to the pseudo-second-order kinetic model (g mg− 1 h− 1).

To investigate whether intraparticle diffusion governs the rate-determining step in the adsorption process, the adsorption kinetic 
data were analyzed using the intraparticle diffusion model, also known as the Weber-Morris equation, represented by Ref. [42] by Eq. 
(4): 

qt= kid × t1/2 + C (4) 

where qt denotes the amount of adsorbate (phosphorus) adsorbed at time t (mg g− 1), kid is the intraparticle diffusion rate constant (mg 
g− 1⋅min− 1/2), kid can be evaluated from the slope of the linear plot of qt versus t1/2, the intercept of which reflects the boundary layer 
effect [42]. Then t represents the time (min), and C is the intercept related to the boundary layer thickness (mg g− 1).

2.8. Adsorption isotherm

Prepare solutions of KH2PO4 with phosphorus concentrations of 0, 0.2, 2, 10, 20, 100, and 200 mg L− 1. Transfer 100 mL of each 
solution into separate 100 mL Erlenmeyer flasks. Add 1 g of MDWTRs in powder form, D2, and D5 to separate flasks, creating distinct 
experimental batches for each type of MDWTRs. Conduct triplicate experiments by shaking the flasks at 100 rpm at a temperature of 
25 ◦C. After 48 h, which corresponds to the equilibrium time determined in adsorption kinetics tests, collect 10 mL samples in order to 
quantify soluble reactive phosphorus (SRP) using the ascorbic acid method. A sample of 3 g of each type of MDWTR, initially con
taining 200 mg of phosphorus, was subjected to comprehensive analytical techniques including Scanning Electron Microscopy (SEM), 
Energy Dispersive X-ray Spectroscopy (SEM-EDS), Fourier Transform Infrared Spectroscopy (FTIR), and X-ray Fluorescence (XRF) 
analysis.

The Langmuir isotherm equation is expressed by Eq. (5) [28]: 

qe =
qm⋅KL⋅Ce

1 + KL ⋅ Ce
(5) 

where qe is the amount of adsorbed P at equilibrium (mg g− 1), Ce is the P concentration of the supernatant at equilibrium (mg L− 1), qm 
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represents the maximum monolayer adsorption capacity (mg g− 1), and KL is the constant of the Langmuir isotherm relevant to 
adsorption energy.

A separation factor, commonly used to characterize the Langmuir isotherm, is defined by Eq. (6): 

RL =
1

1 + KL⋅C0
(6) 

where C0 is the initial P concentration (mg L− 1).
The Freundlich isotherm is an empirical model that accounts for multilayer adsorption on heterogeneous surfaces. The corre

sponding mathematical expression is represented by Eq. (7) [28]: 

qe =KF⋅C1/n
e (7) 

where qe is the amount of P adsorbed at equilibrium (mg g− 1), Ce is the P concentration in the supernatant at equilibrium (mg L− 1), and 
KF and 1/n are the Freundlich constants, representing the adsorption capacity and intensity, respectively.

To evaluate the statistical significance of the adsorption performance among the three forms of MDWTRs, a one way analysis of 
variance (ANOVA) was conducted on the experimental data.

3. Results

3.1. The characterization of powder and granular MDWTRs

3.1.1. Surface area, pore volume, pore size and CHN content
The surface area, pore volume, pore size, and CHN content characteristics of three materials, MDWTR-P, MDWTR-D2, and 

MDWTR-D5, were examined. Surface area measurements, performed using several methods such as single point BET, multi point BET, 
Langmuir surface area, and BJH cumulative adsorption, consistently showed that MDWTR-D5 had the largest surface area compared to 
the other two. The surface area measurements for MDWTR-D5 varied from 39.53 m2 g− 1 (determined using the BJH method) to 284.7 
m2 g− 1 (determined using the Langmuir surface area method). MDWTR-D2 had the highest overall pore volume (0.2119 cm3 g− 1) and 
BJH cumulative adsorption pore volume (0.1934 cm3 g− 1) among the samples. On the other hand, MDWTR-D5 had the greatest 
micropore volume according to the HK technique, measuring 0.0448 cm3 g− 1. MDWTR-P had the greatest average pore radius (57.2 Å) 
among the samples, when considering pore size. Nevertheless, all three materials exhibited comparable BJH adsorption pore radii, 
measuring roughly 17.99 Å, as well as HK method pore radii of 1.838 Å. The carbon content was higher in MDWTR-D2 and MDWTR-D5 
than in MDWTR-P, likely due to chemical modifications. Hydrogen content remained consistent across all materials, while nitrogen 
content showed minor variations, with MDWTR-D2 and MDWTR-D5 slightly higher than MDWTR-P. For many applications involving 
adsorption, it is crucial to have a large surface area, a significant volume of pores, and a suitable distribution of pore sizes. Detailed 
results are presented in Table 1.

Table 1 
Comparative analysis of surface area, pore volume, pore size, and carbon, hydrogen, and nitrogen content in MDWTR-P, MDWTR-D2, and MDWTR- 
D5 materials.

Specific Surface Area MDWTR-P MDWTR-D2 MDWTR-D5

Single point BET (m2 g− 1) 68.76 75.45 107.3
Multi point BET (m2 g− 1) 69.89 79.53 109.2
Langmuir surface area (m2 g− 1) 245.3 262.2 284.7
BJH method (m2 g− 1) 46.57 49.47 39.53

Pore Volume

Total pore volume for pores with radius (cm3 g− 1) 0.1999 0.2119 0.1663
BJH method (cm3 g− 1) 0.1907 0.1934 0.1257
HK method microscope volume (cm3 g− 1) 0.02835 0.02956 0.0448

Pore Size

Average pore radius (Å) 57.2 53.28 30.44
BJH method adsorption pore radius (Å) 17.99 17.99 17.98
HK method pore radius (Å) 1.838 1.838 1.838

CHN content

Carbon, C (%) 0.90 ± 0.004 0.96 ± 0.057 0.94 ± 0.065
Hydrogen, H (%) 1.24 ± 0.360 1.01 ± 0.060 1.09 ± 0.050
Nitrogen, N (%) 0.06 ± 0.002 0.08 ± 0.004 0.08 ± 0.005

Remark: BJH (Barrett-Joyner-Halenda), HK (Horvath-Kawazoe) BJH is typically used for mesopores (2–50 nm), while HK is used for micropores (<2 
nm).
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3.1.2. The FTIR spectra
The MDWTR-P, MDWTR-D2, and MDWTR-D5 samples were analyzed using Fourier Transform Infrared (FTIR) spectroscopy. Fig. 1

displays the results of the analysis. These results offer vital information about the chemical compositions and molecular structures of 
the samples. The spectra of MDWTR-P before adsorption have a wide frequency range of 3000–3500 cm⁻1, indicating the presence of 
stretching vibrations of O-H bonds. This suggests the existence of hydroxyl groups or water molecules. Furthermore, the existence of 
silicate or silica-based substances can be deduced from the peak detected at around 1022 cm⁻1. Moreover, the complex peaks observed 
in the fingerprint region (500–1500 cm⁻1) indicate a wide range of bending vibrations of functional groups. Following the process of 
adsorption, a decrease in the frequency range indicates a decrease in hydroxyl groups or water molecules, while the emergence of a 
new peak at around 1630 cm⁻1 indicates the existence of carbonyl compounds or other functional groups containing carbon-oxygen 
bonds. Similarly, in the case of MDWTR-D2, there are notable absorption bands ranging from 407.41 to 3372.41 cm⁻1 before 
adsorption. Bands below 1000 cm⁻1 may suggest the presence of bending and stretching vibrations of alkyl groups or aromatic rings. 
The band observed at 1610.71 cm⁻1 suggests the presence of carbonyl (C=O) groups or aromatic ring vibrations. On the other hand, the 
broad band observed at 3372.41 cm⁻1 shows the existence of hydroxyl (O-H) or amine (N-H) groups. After the adsorption process, there 
are observed absorption bands spanning from 474.12 to 3278.52 cm⁻1. These bands have comparable meanings in terms of the 
functional groups present. Moreover, the FTIR spectra of MDWTR-D5, both prior to and following adsorption, exhibit bands primarily 
within the 400–3400 cm⁻1 range. The lower wavenumber bands suggest vibrations related to the bending and stretching of alkyl 
groups or aromatic rings, while the higher wavenumber bands indicate the presence of carbonyl (C=O) groups or hydroxyl (O-H) and 
amine (N-H) groups.

3.1.3. Adsorption characteristics and the relationship between pore volume and pore diameter
The diagram (Fig. 2) depicts the comprehensive adsorption properties of three different materials: MDWTR-P, MDWTR-D2, and 

MDWTR-D5. The observed correlation between an increase in relative pressure and a rise in adsorption across all materials provides 
strong evidence for the existence and reliability of the adsorption process within the analyzed systems. Nevertheless, the noticeable 
changes in the contours of the lines and the ability of the materials to adsorb at various relative pressures indicate subtle disparities in 
their adsorption characteristics and capabilities, hence strengthening the reliability and strength of our results. Furthermore, a 
comprehensive examination of the correlation between pore volume (expressed in cm3 g− 1) and pore diameter (measured in Å) was 
provided for the three substances. MDWTR-P has a distinctively limited range of pore diameters, with the majority of the volume 
centered within a pore diameter of 20–25 Å. On the other hand, MDWTR-D2 exhibits a wider range of pore sizes, with a notable 
amount of small pores and a smaller proportion of medium-sized pores. Among the options, MDWTR-D5 has the highest overall pore 
volume, with MDWTR-D2 and MDWTR-P following closely behind. The information about the distribution of pore sizes emphasizes the 
dependability and importance of these discoveries. It also highlights the possible uses of these materials in different adsorption 
processes, where micropores and mesopores have separate but crucial functions based on their accessibility and dimensions.

3.1.4. Characterization of MDWTRs samples using SEM and SEM-EDS analysis
Based on the comprehensive SEM-EDS analysis of MDWTR-P, MDWTR-D2, and MDWTR-D5 samples, significant compositional 

changes were observed before and after the adsorption process. MDWTR-P, initially composed primarily of silicon (47.60 %), 
aluminum (30.50 %), and iron (14.10 %), exhibited a remarkable 432.69 % increase in phosphorus content (from 0.52 % to 2.77 %) 
post-treatment. MDWTR-D2 showed more pronounced alterations, with notable decreases in silicon (− 10.69 %) and aluminum 
(− 9.12 %), coupled with an 11.62 % increase in iron content and a striking 1042.86 % increase in phosphorus (from 0.49 % to 5.60 %). 
MDWTR-D5 displayed a unique pattern with a slight increase in silicon (5.08 %), stable aluminum levels, a decrease in iron (− 5.67 %), 
and a substantial 776.09 % increase in phosphorus (from 0.46 % to 4.03 %). Across all samples, a consistent increase was observed for 
phosphorus. High-resolution SEM micrographs corroborated the EDS findings, revealing substantial modifications in surface 

Fig. 1. The FTIR spectra for three different materials labeled as (A) MDWTR-P, (B) MDWTR-D2, and (C) MDWTR-D5 before and after the 
adsorption experiment.
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morphology and texture across all MDWTR materials post-treatment. The observed physical alterations, characterized by increased 
surface roughness and expanded surface area, are hypothesized to significantly enhance adsorption efficacy by creating additional 
active sites for phosphorus binding. Detailed results, including high-resolution micrographs and elemental distribution, are presented 
in Fig. 3 and Table 2.

3.2. The lability of heavy metals

The TMC analysis identified substantial disparities in the concentrations of several components among the samples. Significantly, 
MDWTR-P had the greatest Total Metal Concentration (TMC) for aluminum (170,165.68 mg kg− ), whereas MDWTR-D5 exhibited the 
highest TMC for iron (87,519.07 mg kg− ). MDWTR-D5 had the highest TMC for calcium (4986.31 mg kg− 1) and manganese (1163.82 

Fig. 2. (A) Depicts the nitrogen adsorption and desorption isotherms, while (B) illustrates the pore size distributions for the materials MDWTR-P, 
MDWTR-D2, and MDWTR-D5.

Fig. 3. SEM-EDS mapping illustrating phosphorus and elemental distribution before and after adsorption on (A–B) MDWTR-P, (C–D) MDWTR-D2, 
and (E–F) MDWTR-D5.
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mg kg− ). The presence of Co, As, Cd, Hg, and Pb was not observed in MDWTR-D2 and MDWTR-D5. However, MDWTR-P did contain a 
minor quantity of Co (3.70 mg kg− ). The TCLP results revealed that MDWTR-P had the highest concentration of leachable aluminum 
(1383.00 mg L− 1), as well as the highest quantities of leachable iron (65.33 mg L− 1) and calcium (72.43 mg L− 1). The TCLP values for 
Mn were rather low and similar among the three samples. The IVBA analysis, which assesses the bioaccessibility of elements, found 
that MDWTR-P had the greatest IVBA percentages for Al (7.48 %), Fe (4.40 %), Ca (33.56 %), and Mn (17.27 %). MDWTR-D2 and 
MDWTR-D5 displayed decreased IVBA values for these elements, indicating a diminished bioaccessibility in comparison to MDWTR-P. 
These findings emphasize the differences in the metal concentration, leachability, and bioaccessibility among the samples of municipal 
drinking water, which could affect their potential environmental impact and appropriateness for various uses. Detailed results are 
presented in Table 3.

3.3. Effect of pH on phosphorus adsorption

The phosphorus (P) removal effectiveness of the MDWTR samples, namely MDWTR-P, MDWTR-D2, and MDWTR-D5, was thor
oughly assessed across different pH levels and baseline P concentrations. The results showed consistent and highly effective perfor
mance of the MDWTR samples under diverse situations. The MDWTR-P consistently produced P removal rates of above 98 % at all pH 
levels. The highest removal efficiency, reaching around 99.9 %, was seen within the pH range of 3–9 for all starting concentrations. 
Similarly, MDWTR-D2 consistently achieved removal efficiencies of over 98 %, with the maximum efficiency of almost 99.9 % re
ported at pH levels of 5 and 7 for all concentrations. Meanwhile, MDWTR-D5 had significantly lower removal rates than MDWTR-P and 
MDWTR-D2; it nevertheless had a removal rate of over 98 % in most cases. Its highest effectiveness was observed at pH levels of 3 and 
7. The extensive findings highlight the outstanding and consistent efficiency of MDWTR materials in removing phosphorus from 
solutions, especially at pH levels of approximately 5 and 7, regardless of the initial concentration of phosphorus. Detailed results are 
presented in Fig. 4.

Table 2 
Elemental distribution before and after adsorption on three different materials: MDWTR-P, MDWTR-D2, and MDWTR-D5.

Element MDWTR-P MDWTR-D2 MDWTR-D5

Before After %Change Before After %Change Before After %Change

Si 47.60 46.00 − 3.36 42.10 37.60 − 10.69 37.40 39.30 5.08
Al 30.50 29.20 − 4.26 27.40 24.90 − 9.12 25.20 25.40 0.79
Fe 14.10 14.00 − 0.71 19.80 22.10 11.62 24.70 23.30 − 5.67
K 2.40 2.5 4.17 2.40 4.57 90.42 2.39 2.82 17.99
Ca 2.10 1.45 − 30.95 1.48 1.43 − 3.38 1.68 1.31 − 22.02
Ti 1.12 1.20 7.14 1.35 1.43 5.93 1.23 1.15 − 6.50
Mg 1.14 1.07 − 6.14 1.01 0.99 − 1.98 0.89 0.85 − 4.49
P 0.52 2.77 432.69 0.49 5.60 1042.86 0.46 4.03 776.09
Mn 0.41 0.39 − 4.88 0.47 0.46 − 2.13 0.53 0.40 − 24.53
S 0.41 0.21 − 48.78 0.49 0.26 − 46.94 0.77 0.35 − 54.55
etc. 0.31 0.21 − 32.26 2.94 0.68 − 76.87 4.76 1.08 − 77.31

Table 3 
Evaluated total metal content (TMC), leachability (TCLP), and in vitro bioaccessibility (IVBA) of various elements present in the MDWTR-P, MDWTR- 
D2, and MDWTR-D5 samples.

Element Sample TMC(mg kg− 1) TCLP(mg L− 1) IVBA(%)

Al MDWTR-P 170,165.68 1383.00 7.48
​ MDWTR-D2 152,870.15 446.8 5.12
​ MDWTR-D5 140,595.91 439.55 6.02
Fe MDWTR-P 15,082.98 65.33 4.40
​ MDWTR-D2 70,156.99 47.72 1.79
​ MDWTR-D5 87,519.07 46.39 1.24
Ca MDWTR-P 1147.28 72.43 33.56
​ MDWTR-D2 4392.70 39.66 22.31
​ MDWTR-D5 4986.31 53.69 18.45
Mn MDWTR-P 287.36 6.54 17.27
​ MDWTR-D2 1029.87 6.24 13.79
​ MDWTR-D5 1163.82 7.24 10.74
Co MDWTR-P 3.70 – –
​ MDWTR-D2 ND – –
​ MDWTR-D5 ND – –
As, Cd, Hg, Pb MDWTR-P-D2-D5 ND – –

Remark: The limit of detection (LOD) for all elements in ICP-OES is 0.01 mg L¡1.
• TMC = Total metal content.
• TCLP = Toxicity characteristic leaching procedure.
• IVBA = In vitro bioaccessibility (IVBA) procedure.
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3.4. Adsorption kinetics

The adsorption kinetics of phosphorus on to three different adsorbent materials (MDWTR-P, MDWTR-D2, and MDWTR-D5) were 
meticulously studied at varying initial phosphorus concentrations (50, 100, 250, and 500 mg L¡1). The experimental data were 
rigorously analyzed using three established kinetic models: the pseudo-first-order, pseudo-second-order, and intraparticle diffusion 
models. Table 4 presents the key parameters derived from these models, including the coefficient of determination (R2) values. The 
pseudo-first-order model, which assumes a physisorption process, yielded a satisfactory fit to the experimental data, as evidenced by 
high R2 values (ranging from 0.9005 to 0.9889) across all adsorbents and initial concentrations. However, the predicted equilibrium 
adsorption capacities (qₑ,predict) deviated from the experimentally determined values (qₑ,exp), highlighting the model’s limitations in 
accurately describing the adsorption process. Conversely, the pseudo-second-order model, which considers chemisorption as the rate- 
limiting step, showed excellent agreement with the experimental data for MDWTR-P and MDWTR-D5, indicated by high R2 values 
(0.9461–0.9906). For MDWTR-D2, the model exhibited a poorer fit at higher initial concentrations (250 and 500 mg L¡1), potentially 
due to the influence of other rate-limiting factors or the presence of multiple adsorption mechanisms. The intraparticle diffusion 
model, which assesses the contribution of intraparticle diffusion to the overall adsorption rate, demonstrated good fits (R2 = 0.6890 to 
0.9756) across all adsorbents and initial concentrations. This suggests that intraparticle diffusion significantly contributed to the 
adsorption process, particularly at higher initial concentrations, where the intraparticle diffusion rate constants (Kdiff) were higher. 
Fig. 5 provides a comprehensive kinetic analysis of phosphate adsorption revealing a rapid increase in adsorption within the initial 
20–30 h, followed by a gradual plateau indicating the attainment of equilibrium. The equilibrium adsorption capacity, evidenced by 
the plateau regions, positively correlates with the initial phosphate concentration for all three materials. Among the tested materials, 
MDWTR-D5 (panel C) demonstrates the highest equilibrium adsorption capacity, surpassing both MDWTR-D2 (panel B) and MDWTR- 
P (panel A) at all initial phosphate concentrations. Furthermore, the initial adsorption rate, inferred from the slope of the early stages of 
the curves, is highest for MDWTR-D5 and lowest for MDWTR-P, particularly at elevated phosphate concentrations.

3.5. Adsorption isotherm

3.5.1. Adsorption isotherm using Langmuir and Freundlich isotherm models
The results provide valuable insights into the adsorption behavior and mechanisms governing phosphorus removal by the three 

MDWTR materials. The Langmuir model, which assumes monolayer adsorption on to a homogeneous surface, demonstrated excellent 
fits to the experimental data, with high correlation coefficients (R2 > 0.95) for all three adsorbents. MDWTR-D5 exhibited the highest 
maximum monolayer adsorption capacity (qₘ = 22.8833 mg g¡1), followed by MDWTR-D2 (qₘ = 21.4133 mg g¡1) and MDWTR-P 
(qₘ = 17.2117 mg g¡1). Additionally, the Langmuir constant (KL) for MDWTR-D5 was significantly higher (0.7199 L mg¡1) 
compared to MDWTR-D2 (0.2347 L mg¡1) and MDWTR-P (0.2856 L mg¡1), indicating a stronger affinity between MDWTR-D5 and 
phosphorus at each concentration. The Freundlich isotherm model, which accounts for multilayer adsorption on heterogeneous 
surfaces, also provided satisfactory fits to the data, with R2 values ranging from 0.9384 to 0.9483. Notably, MDWTR-D5 exhibited the 
highest Freundlich adsorption capacity parameter (KF = 6.9720 mg g¡1), indicating superior adsorption capacity compared to 
MDWTR-D2 (KF = 2.725 mg g¡1) and MDWTR-P (KF = 2.6154 mg g¡1). The Freundlich intensity parameter (1/n) values ranged from 
0.7757 to 0.7929 for all three adsorbents, indicating favorable adsorption conditions. These findings suggest that phosphorus 
adsorption on to the MDWTR materials is governed by both monolayer and multilayer adsorption mechanisms, with MDWTR-D5 
showing the highest adsorption capacity and affinity among the three adsorbents. The excellent fits obtained with both isotherm 
models underscore their applicability in describing the adsorption behavior and provide insights into the underlying adsorption 
mechanisms. Detailed results are presented in Table 5. Moreover, Fig. 6 depicts the experimental results for MDWTR-P, indicating a 
progressive enhancement in adsorption capacity as the equilibrium phosphate concentration increases. Both the Freundlich and 
Langmuir models provide satisfactory fits, while the Langmuir model demonstrates a slightly superior fit at higher concentrations. 
Regarding MDWTR-D2, the ability to adsorb improves significantly, and the Langmuir model provides a better fit, particularly at 
higher concentrations, suggesting a mostly monolayer adsorption mechanism. MDWTR-D5 demonstrates the most significant rise in 
adsorption capacity as the equilibrium phosphate concentration increases. The result fits the Langmuir model quite well, providing 
strong evidence for monolayer adsorption behavior. In general, the order of adsorption capacity is as follows: MDWTR-D5 > MDWTR- 

Fig. 4. The percentage of phosphorus (P) removal at different pH levels and initial P concentrations for three different materials: (A) MDWTR-P, (B) 
MDWTR-D2, and (C) MDWTR-D5.
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Table 4 
Kinetic parameters for phosphorus adsorption on to MDWTR-P, MDWTR-D2, and MDWTR-D5 at different initial concentrations.

Type of adsorbent/Initial concentration

Model Parameter MDWTR-P MDWTR-D2 MDWTR-D5

50 mg 
L− 1

100 mg 
L− 1

250 mg 
L− 1

500 mg 
L− 1

50 mg 
L− 1

100 mg 
L− 1

250 mg 
L− 1

500 mg 
L− 1

50 mg 
L− 1

100 mg 
L− 1

250 mg 
L− 1

500 mg 
L− 1

Pseudo first order qe,exp (mg L¡1) 2.48 6.32 4.97 23.63 3.21 8.58 8.08 29.44 3.54 8.43 12.47 36.98
​ K1 (h¡1) 0.3038 0.3349 0.3252 0.1628 0.1343 0.1522 0.3625 0.3496 0.3100 0.0486 0.3687 0.3512
​ qe,predict (mg g¡1) 5.67 14.37 13.54 32.51 2.90 6.24 20.62 69.11 5.77 6.05 19.97 77.62
​ R2 0.9232 0.9656 0.9005 0.9315 0.9286 0.9889 0.9712 0.9564 0.9543 0.9499 0.9261 0.9525
Pseudo second 

orders
K2 (g mg¡1 h¡1) 0.0104 0.0102 0.0030 0.0004 0.0097 0.0085 0.0014 0.0006 0.0228 0.0132 0.0061 0.0015

​ q e,predict (mg 
g¡1)

3.50 6.02 8.10 43.67 4.38 7.76 15.06 45.66 4.12 7.75 14.86 46.08

​ R2 0.9683 0.9597 0.9461 0.9335 0.9058 0.9508 0.7368 0.7974 0.9880 0.9906 0.9571 0.9745

Intraparticle 
diffusion

Kdiff (mg g¡1 

h¡1)
0.3374 0.8575 0.7101 3.4629 0.4345 0.7543 1.2393 4.1170 0.3970 0.7211 1.5014 4.7201

​ R2 0.9701 0.9371 0.9709 0.9756 0.8320 0.9490 0.8908 0.9038 0.8545 0.9694 0.6890 0.8871
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D2 > MDWTR-P. This indicates that MDWTR-D5 has the greatest affinity for phosphate adsorption.

3.5.2. Comparative analysis of phosphorus concentrations in adsorption experiments using one way ANOVA
Table 6 presents a thorough statistical analysis of phosphorus levels in several groups of MDWTR samples. The study shows sig

nificant differences, which strengthens the credibility of these findings. The study of MDWTR-P results in the outcome (F(4,10) = 2.7 
× 105, p-value <0.001), demonstrating significant variations in phosphorus concentrations among the groups. For MDWTR-D2 the 
outcome is (F(4,10) = 1.2 × 106, p-value <0.001), indicating highly significant changes in phosphorus concentrations between the 
groups. Similarly, for MDWTR-D5 the outcome is (F(4,10) = 3.2 × 105, p-value <0.001), which confirms that there are substantial 
differences in phosphorus concentrations between the groups. The F-statistics, which are very significant, along with the very low p- 
values, highlight the strength and dependability of our data. Additionally, Table 7 provides a comprehensive overview of pairwise 
comparisons of mean phosphorus concentrations following a 72-h adsorption period with an initial concentration of 200 mg P, across 

Fig. 5. The phosphorus adsorption kinetics of MDWTR materials at different initial concentrations: (A) MDWTR-P, (B) MDWTR-D2, and (C) 
MDWTR-D5.

Table 5 
Comparison of adsorption isotherms for MDWTR-P, MDWTR-D2, and MDWTR-D5 using Langmuir and Freundlich isotherm models.

Samples Langmuir model Freundlich model

qm (mg g¡1) KL (L mg¡1) R2 KF (mg g¡1) 1/n R2

MDWTR-P 17.2117 0.2856 0.9731 2.6154 0.7929 0.9483
MDWTR-D2 21.4133 0.2347 0.9570 2.725 0.7840 0.9447
MDWTR-D5 22.8833 0.7199 0.9610 6.9720 0.7757 0.9384

Fig. 6. Adsorption isotherm plots for (A) MDWTR-P, (B) MDWTR-D2, and (C) MDWTR-D5.

Table 6 
A one way ANOVA method was used to conduct a comparative analysis of the ultimate phosphorus concentrations in adsorption experiments with 
MDWTR-P, MDWTR-D2, and MDWTR-D5. The initial concentrations of phosphorus were 2, 10, 20, 100, and 200 mg.

MDWTR types Sources df Sum of square Mean square F p

MDWTR-P Between groups 4 3505.9526 876.4881 2.7e+05 <0.001
​ Within groups 10 0.0319 0.0032 ​ ​
​ Total 14 3505.9845 250.4275 ​ ​
MDWTR-D2 Between groups 4 901.0594 225.2648 1.2e+06 <0.001
​ Within groups 10 0.0019 0.0002 ​ ​
​ Total 14 901.0613 64.3615 ​ ​
MDWTR-D5 Between groups 4 103.7071 25.9268 3.2e+05 <0.001
​ Within groups 10 0.0008 0.0001 ​ ​
​ Total 14 103.7079 7.4077 ​ ​
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three distinct material types: MDWTR-P, MDWTR-D2, and MDWTR-D5. Each comparison reveals statistically significant differences 
(p-value <0.001) in mean phosphorus concentrations between the materials, indicating robust variations in their adsorption capa
bilities. Specifically, MDWTR-D2 exhibits a mean difference of − 19.4237 (95 % CI: 19.5033, − 19.3442) compared to MDWTR-P, while 
MDWTR-D5 displays a substantially greater difference of − 32.7954 (95 % CI: 32.8749, − 32.7159) relative to MDWTR-P. Moreover, 
the comparison between MDWTR-D5 and MDWTR-D2 reveals a moderate difference of − 13.3716 (95 % CI: 13.4512, − 13.2921). The 
inclusion of standard errors in the table enhances the reliability of these findings, providing a robust statistical basis for assessing the 
distinct adsorption performances of the MDWTR materials.

4. Discussion

4.1. The implications of metal composition, structural attributes, and pH on the adsorption effectiveness

The notable differences in metal concentrations found in MDWTR samples through Total Metal Concentration (TMC) analysis 
underscore the critical importance of understanding the role these metals play in phosphorus adsorption and their overall environ
mental impact [43]. Specifically, the discovery that MDWTR-P has the highest TMC for aluminum, while MDWTR-D5 shows elevated 
TMC values for iron, calcium, and manganese, highlights the diverse composition of MDWTR materials and their varying safety 
profiles [44]. Additionally, the Toxicity Characteristic Leaching Procedure (TCLP) assessment reveals potential concerns for 
groundwater contamination and regulatory compliance, as evidenced by MDWTR-P’s increased release of calcium, iron, and 
aluminum under simulated environmental conditions. To provide context, the U.S. Environmental Protection Agency (EPA) has 
established regulatory limits for various metals in TCLP extracts to determine if a waste product is hazardous [45]. For instance, the 
EPA limit for lead is 5 mg L− 1, while for cadmium it is 1 mg L− 1 [46]. Although the TCLP results for MDWTR samples do not exceed 
these specific limits, the elevated levels of aluminum and iron in MDWTR-P (1383.00 mg L− 1 and 65.33 mg L− 1, respectively) warrant 
careful consideration in terms of potential environmental impacts [45,46]. Furthermore, the in vitro bioaccessibility (IVBA) analysis 
demonstrates significant variations in metal bioavailability, with MDWTR-P exhibiting higher bioaccessibility percentages compared 
to MDWTR-D2 and MDWTR-D5, indicating different levels of risk associated with metal exposure. While there are no universally 
accepted standards for IVBA results, these findings are crucial for assessing potential health risks. For example, the bioaccessibility of 
aluminum in MDWTR-P (7.48 %) is notably higher than in MDWTR-D2 (5.12 %) and MDWTR-D5 (6.02 %), suggesting a greater 
potential for aluminum uptake from MDWTR-P. These findings underscore the necessity of considering metal composition, bio
accessibility, and leachability when assessing the environmental suitability and potential risks of using MDWTR materials, particularly 
in phosphorus adsorption applications and broader environmental management strategies [47,48]. The study’s results on the leach
ability and bioaccessibility of metals in MDWTR forms have significant implications for environmental safety and regulatory policies. 
The absence of toxic metals in MDWTR-D2 and MDWTR-D5, combined with their lower leachability and bioaccessibility, suggests 
these forms may be more suitable for long-term application, posing fewer environmental risks. These insights can inform policymakers 
and regulatory agencies in setting standards and guidelines for the safe use of MDWTR in wastewater treatment. To support 
evidence-based decision-making and mitigate potential negative effects on ecosystems and human health, further investigation into 
the mechanisms underlying metal-phosphorus interactions and their implications for water treatment and environmental stewardship 
is warranted [49].

The surface area results, meticulously derived using a comprehensive suite of analytical methods including Single Point BET, Multi 
Point BET, Langmuir surface area, and BJH cumulative adsorption [50,51], consistently demonstrate that MDWTR-D5 exhibits the 
largest surface area, with values ranging from 39.53 m2 g− 1 (as determined by the BJH method) to 284.7 m2 g− 1 (as determined by the 
Langmuir method). This remarkable consistency across diverse measurement techniques not only reinforces the reliability and ac
curacy of our findings but also underscores the suitability of MDWTR-D5 for applications necessitating extensive surface interactions, 
such as catalysis and adsorption [52]. The rigorous methodological approach employed ensures that the results are both robust and 
reproducible, providing a high degree of confidence in the material’s potential performance [53,54].

In terms of pore volume, MDWTR-D2 is distinguished by its superior overall pore volume of 0.2119 cm3 g− 1 and BJH cumulative 
adsorption pore volume of 0.1934 cm3 g− 1. This significant pore volume is indicative of enhanced adsorption capacities, positioning 
MDWTR-D2 as a highly promising candidate for applications where pore volume is a critical determinant of performance. The pre
cision of these measurements, obtained through well-established techniques, further substantiates the material’s potential efficacy in 
relevant applications. Conversely, the micropore volume of MDWTR-D5, quantified at 0.0448 cm3 g− 1 via the HK technique, highlights 
its potential for applications that require adsorption within smaller pore structures [58]. This finding is supported by the meticulous 
application of the HK method, ensuring the reliability of the micropore volume data. The pore size analysis provides additional 

Table 7 
Pairwise comparisons of mean phosphorus concentrations after 72-h adsorption with 200 mg P initial concentrations between MDWTR-P, MDWTR- 
D2, and MDWTR-D5.

MDWTR types Mean difference Std. error 95 % Conf. Interval p

Upper Lower

MDWTR-D2 Vs MDWTR-P − 19.4237 0.0259 − 19.5033 − 19.3442 <0.001
MDWTR-D5 Vs MDWTR-P − 32.7954 0.0259 − 32.8749 − 32.7159 <0.001
MDWTR-D5 Vs MDWTR-D2 − 13.3716 0.0259 − 13.4512 − 13.2921 <0.001
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insights, revealing that MDWTR-P possesses the largest average pore radius of 57.2 Å, which could be advantageous for processes 
involving larger molecular entities [56]. Despite this, the consistent BJH adsorption pore radii (approximately 17.99 Å) and HK 
method pore radii (1.838 Å) observed across all materials suggest a uniformity in pore size distribution. This uniformity can be 
particularly beneficial for applications that demand consistent pore characteristics, enhancing the predictability and reliability of the 
materials’ performance in practical applications.

The study on the impact of pH on phosphorus adsorption by Modified Drinking Water Treatment Residuals (MDWTRs) provides 
important information on the effectiveness of phosphorus removal in water treatment [57]. The study confirms the reliable adsorption 
abilities of MDWTR materials in removing phosphorus. This is demonstrated through a thorough evaluation of MDWTR-P, 
MDWTR-D2, and MDWTR-D5 at different pH levels and baseline phosphorus concentrations. The results consistently show that 
MDWTR materials are highly effective in removing phosphorus, making them a promising option for phosphorus removal [51,55,59]. 
Remarkably, MDWTR-P and MDWTR-D2 demonstrated outstanding removal rates surpassing 98 % throughout a wide range of pH 
levels, whereas MDWTR-D5 revealed slightly lower but still noteworthy removal efficiency. The results highlight the effectiveness of 
MDWTR in removing phosphorus, especially at pH levels of around 5 and 7. This indicates that MDWTRs are suitable for practical use 
in water treatment procedures to combat phosphorus contamination in aquatic ecosystems. Additional investigation into the funda
mental mechanisms that control the adsorption behavior of MDWTRs under different pH conditions shows potential for enhancing its 
effectiveness in environmental clean-up endeavors [60,61].

4.2. Adsorption kinetics and adsorption isotherm

4.2.1. Adsorption kinetics
The study conducted a thorough examination of the adsorption kinetics of phosphorus on to three distinct MDWTR materials 

(MDWTR-P, MDWTR-D2, and MDWTR-D5) at different initial phosphorus concentrations (50, 100, 250, and 500 mg L¡1). This 
investigation yielded valuable academic insights into the factors that affect the efficiency of phosphorus removal [28]. The study’s 
meticulous analysis of three proven kinetic models, including pseudo-first-order, pseudo-second-order, and intraparticle diffusion 
provides insight into the complex mechanisms of phosphorus adsorption by these materials [62,63]. The pseudo-first-order model, 
supposing a physical absorption process, produced strong R2 values (ranging from 0.9005 to 0.9889) for all adsorbents and beginning 
concentrations, showing a satisfactory agreement with the experimental results [64]. Nevertheless, the disparities between the 
anticipated equilibrium adsorption capabilities (qₑ,predict) and the values established through experimentation (qₑ,exp) highlight the 
model’s constraints in comprehensively capturing the intricacies of the adsorption process [65].

In contrast, the pseudo-second-order model, which takes into account chemisorption as the step that limits the rate, showed a 
strong agreement with experimental results for MDWTR-P and MDWTR-D5. The R2 values ranged from 0.9461 to 0.9906, indicating 
that chemisorption plays a substantial part in the adsorption processes of these compounds. Nevertheless, the lower accuracy reported 
for MDWTR-D2 at higher starting concentrations (250 and 500 mg L¡1) suggests the potential existence of other elements that restrict 
the rate, or numerous mechanisms of adsorption that are influencing its effectiveness [66]. The intraparticle diffusion model yielded 
strong fits (R2 = 0.6890 to 0.9756) for all adsorbents and starting concentrations, indicating the significant role of intraparticle 
diffusion in the overall adsorption process [67] along with reports of larger intraparticle diffusion rate constants (Kdiff) at higher 
starting concentrations, indicating a clear relationship between the two variables. An extensive kinetic investigation demonstrated a 
fast augmentation in adsorption over the first 20–30 h, succeeded by a steady stabilization indicating the achievement of equilibrium 
[68]. The adsorption capacity at equilibrium, as indicated by these plateau regions, exhibited a positive connection with the initial 
concentration of phosphate for all three materials. MDWTR-D5 exhibited the greatest equilibrium adsorption capacity among the 
investigated adsorbents, surpassing both MDWTR-D2 and MDWTR-P, across all initial phosphate concentrations. In addition, the pace 
at which the adsorption process first occurs, as determined by the early slope of the adsorption curves, was shown to be highest for 
MDWTR-D5 and lowest for MDWTR-P, especially when phosphate concentrations were high. The discovered patterns were consis
tently present in many experimental configurations, enhancing the dependability of the results. These findings have substantial 
scholarly ramifications. The superior fit of the pseudo-second-order model for MDWTR-P and MDWTR-D5 indicates that improving 
chemisorption processes could increase the efficiency of phosphorus removal [69]. The significance of intraparticle diffusion, 
particularly at elevated concentrations, emphasizes the necessity to take into account both surface and pore diffusion mechanisms in 
the development and utilization of these materials [70]. The exceptional performance of MDWTR-D5 demonstrates its capacity as a 
remarkably efficient adsorbent for phosphorus removal, offering a promising alternative for water treatment applications [71]. To 
summarize, this study enhances our comprehension of the adsorption mechanisms of MDWTR materials and emphasizes the signifi
cance of taking into account both kinetic and diffusion aspects in order to optimize their performance for phosphorus removal. The 
knowledge acquired from this research can guide the creation of more efficient water treatment methods, hence enhancing envi
ronmental management and attempts to reduce pollution [72]. The meticulous methodology and comprehensive validation of the 
outcomes guarantee the dependability and relevance of these findings in practical situations.

4.2.2. Adsorption isotherm
The comprehensive investigation of adsorption isotherms through the utilization of the Langmuir and Freundlich models has 

significant scientific implications in comprehending the mechanisms that regulate the elimination of phosphorous by Modified 
Drinking Water Treatment Residuals (MDWTRs). The Langmuir model, which posits that adsorption occurs in a single layer on a 
uniform surface, provided highly accurate fits to the experimental data. The correlation coefficients (R2) for all three adsorbents were 
above 0.95, indicating a strong relationship between the model and the data. The model’s assumptions are highly reliable, as 
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evidenced by the good fit. This indicates that phosphorus adsorption on to MDWTRs mainly happens as a monolayer on a uniform 
surface [73]. MDWTR-D5 had the highest maximal monolayer adsorption capacity (qₘ = 22.8833 mg g− 1) among the investigated 
materials, surpassing MDWTR-D2 (qₘ = 21.4133 mg g¡1) and MDWTR-P (qₘ = 17.2117 mg g¡1) by a large margin. The higher 
capacity and much larger Langmuir constant (KL = 0.7199 L mg¡1) of MDWTR-D5, compared to MDWTR-D2 (KL = 0.2347 L mg¡1) 
and MDWTR-P (KL = 0.2856 L mg¡1), suggest a stronger attraction between MDWTR-D5 and phosphorus at all tested concentrations. 
In addition, the Freundlich isotherm model, which considers the adsorption of many layers on surfaces with different properties, also 
showed good fits with R2 values ranging from 0.9384 to 0.9483 [74]. MDWTR-D5 exhibited the greatest Freundlich adsorption ca
pacity parameter (KF = 6.9720 mg g− 1), significantly surpassing the values for MDWTR-D2 (KF = 2.725 mg g¡1) and MDWTR-P (KF =

2.6154 mg g¡1). The Freundlich intensity parameter (1/n) values for the three adsorbents ranged from 0.7757 to 0.7929, demon
strating favorable adsorption conditions and supporting the feasibility of these materials for practical use in different environmental 
contexts. The elucidation of phosphorus adsorption mechanisms by MDWTRs was achieved through a rigorous analysis of elemental 
composition changes before and after adsorption, utilizing XRF and SEM-EDS techniques. This multi-analytical approach revealed a 
complex interplay of concurrent processes, including ion exchange, surface precipitation, surface complexation, and electrostatic 
interactions, consistent with the established literature. Ion exchange [75,76] was evidenced by significant decreases in calcium (22.02 
%), magnesium (4.49 %), and sulfur (54.55 %) content, coupled with increases in potassium (17.99 %). Surface precipitation [77] was 
indicated by increased iron content (11.62 %) and substantial phosphorus uptake (1042.86 %) for MDWTR-D2. Surface complexation 
was inferred from changes in aluminum and iron content [78], while electrostatic interactions were supported by overall composi
tional changes [79]. The superior performance of MDWTR-D5, attributed to its stable structure (minimal changes in Al and Si content), 
aligns with findings on high-performance adsorbents. This comprehensive approach, integrating macroscopic isotherm data (Langmuir 
R2 > 0.95, Freundlich R2 > 0.93) with microscopic elemental changes, provides a nuanced understanding of adsorption mechanisms, 
offering valuable insights for optimizing phosphorus removal strategies in water treatment applications, while a comparative analysis 
of MDWTRs with alternative phosphorus removal methods reveals both promising aspects and challenges. MDWTRs demonstrate high 
phosphorus adsorption efficiency [80], cost-effectiveness due to waste material utilization [81], and alignment with circular economy 
principles [82]. However, they face scalability issues and potential metal leaching concerns [83]. Traditional chemical precipitation, 
while efficient, produces significant sludge and risks secondary pollution [84]. Biological methods like Enhanced Biological Phos
phorus Removal (EBPR) offer natural processes but require specific conditions and longer retention times [85]. Other adsorbents such 
as activated carbon or biochar are cost-effective but may struggle with regeneration and throughput [86]. MDWTRs show competitive 
efficiency and lower environmental impact compared to chemical methods [87], simpler operation than biological approaches [88], 
and potential for phosphorus recovery [89]. The analysis employed one way ANOVA to compare phosphorus concentrations among 
MDWTR groups and independence assumptions. The extremely low p-values (<0.001) for MDWTR-P, MDWTR-D2, and MDWTR-D5, 
coupled with large F-statistics, provide strong evidence against the null hypothesis of no difference among group means. These results 
indicate statistically significant differences in phosphorus concentrations among the groups for each MDWTR type. Pairwise com
parisons using post-hoc tests (Tukey’s HSD) further support these findings, with all comparisons yielding p-values <0.001. The narrow 
95 % confidence intervals and small standard errors reported for these comparisons suggest high precision in our estimates of dif
ferences between MDWTR types. This comprehensive statistical approach, including careful consideration of ANOVA assumptions, 
interpretation of p-values in the context of hypothesis testing, and detailed pairwise comparisons, provides robust evidence for sig
nificant differences in phosphorus adsorption capabilities among the MDWTR materials studied, enhancing the reliability and sig
nificance of our findings.

To summarize, the adsorption capacity follows the order MDWTR-D5 > MDWTR-D2 > MDWTR-P, indicating that MDWTR-D5 has 
the highest affinity for phosphate adsorption. Notably, MDWTR-D5 exhibits exceptional promise for phosphorus removal in water 
treatment applications, attributed to its high iron content (87,519.07 mg kg− 1) coupled with low leachability and in vitro bio
accessibility (IVBA) [90,91]. This characteristic suggests MDWTR-D5 could effectively mitigate eutrophication risks in aquatic eco
systems without introducing significant quantities of iron into the environment.

However, the environmental implications of MDWTR application warrant careful consideration. The high aluminum content and 
leachability observed in MDWTR-P (TMC: 170,165.68 mg kg− 1; TCLP: 1383.00 mg L− 1) raise concerns about potential toxicity to 
aquatic organisms [92]. Elevated aluminum levels in aquatic environments have been associated with detrimental effects on fish gill 
function and overall ecosystem health [93]. This underscores the necessity for rigorous pre-application assessment and ongoing 
monitoring of MDWTR use, particularly in sensitive aquatic habitats. The variability in metal leaching potential among MDWTR 
samples highlights a critical limitation. While MDWTR-D5 and MDWTR-D2 demonstrate relatively low metal leachability, the high 
aluminum leachability of MDWTR-P could pose significant environmental risks in certain applications. This variability necessitates 
careful characterization and selection of MDWTRs based on their specific compositional profiles and the intended application 
environment.

5. Conclusion

In this study, MDWTRs were investigated for their potential in phosphorus removal from water. Three types of MDWTR materials - 
MDWTR-P, MDWTR-D2, and MDWTR-D5 - were extensively characterized and evaluated for their phosphorus adsorption capabilities. 
The experimental results demonstrated that MDWTR materials, particularly MDWTR-D5, exhibit excellent phosphorus adsorption 
capacity, with maximum monolayer adsorption capacities reaching 22.8833 mg g− 1 for MDWTR-D5.

The comprehensive characterization of MDWTR materials revealed significant differences in their metal compositions and struc
tural attributes. MDWTR-D5 showed the highest surface area, ranging from 39.53 to 284.7 m2 g− 1, while MDWTR-D2 exhibited the 
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largest overall pore volume of 0.2119 cm3 g− 1. These characteristics contributed to their adsorption performance, with MDWTR-D5 
demonstrating superior phosphorus removal efficiency across various experimental conditions. Kinetic model analysis indicated 
that the adsorption process for MDWTR-P and MDWTR-D5 primarily followed the pseudo-second-order model, suggesting chemi
sorption as the dominant mechanism. The adsorption isotherms were best described by both the Langmuir and Freundlich models, with 
high correlation coefficients (R2 > 0.95 for Langmuir and R2 > 0.93 for Freundlich), indicating a complex adsorption process involving 
both monolayer and multilayer adsorption. The study revealed that MDWTR materials exhibited high phosphorus removal efficiency 
(>98 %) across a wide pH range, with optimal performance at pH 5 and 7. This demonstrates their adaptability and reliability under 
different environmental conditions. The adsorption mechanisms were elucidated through elemental composition analysis, revealing a 
complex interplay of ion exchange, surface precipitation, surface complexation, and electrostatic interactions. Environmental impli
cations were carefully considered, with MDWTR-D5 showing promising potential for phosphorus removal with low environmental risk 
due to its high iron content coupled with low leachability and in vitro bioaccessibility. However, concerns were raised regarding 
MDWTR-P due to its high aluminum leachability, highlighting the importance of material selection based on specific compositional 
profiles and intended application environments.

In summary, this study successfully characterized and evaluated MDWTR materials for phosphorus adsorption, demonstrating their 
significant potential for water treatment applications. The research provides valuable insights into the adsorption mechanisms and 
environmental implications of MDWTR use. While this study focused on comprehensive material characterization and adsorption 
performance under various conditions, future research should prioritize the evaluation of MDWTR materials’ regeneration capacity 
and long-term stability under diverse environmental conditions. Furthermore, to bridge the gap between laboratory findings and 
practical implementation, strongly advocation for the establishment of strategic collaborations between academic research institutions 
and industry partners is necessary. Such alliances would facilitate knowledge transfer, expedite pilot-scale testing, and accelerate the 
path to commercial implementation.
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