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Abstract 

This study explores the application of Blast Furnace Slag (BFS), a high-volume by-product 
of the iron & steel industry, as a cost effective sorbent for inorganic phosphate removal from 
aqueous soln. Batch adsorption experiments were performed to examine the influence of key 
operational parameters, including sorbent dosage, contact time, initial phosphate 
concentration, pH, and agitation speed. Under optimized conditions (15 g/L BFS, 120 min 
contact time, 150 rpm agitation, pH 7, and 20 mg/L initial phosphate concentration), a 
maximum phosphate removal efficiency of 88.8% was obtained. The equilibrium data were 
most accurately represented by the Langmuir isotherm (R² = 0.985), indicating mono-layer 
adsorption. while the Freundlich model (R² = 0.905) suggested some degree of surface 
heterogeneity. Kinetic analysis showed strong agreement to the pseudo 2nd order model (R² 
= 0.996), signifying that chemisorption was the dominant removal mechanism. The results 
demonstrate that BFS possesses promising sorptive properties and represents a sustainable 
and low-cost alternative for phosphate remediation in wastewater treatment, contributing to 
industrial waste valorization and circular economy practices. 

Keywords: Aqueous Solution, Phosphate, Industrial waste, Blast Furnace Slag (BFS), Batch 
Study. 

1.  Introduction 
Eutrophication, driven by excessive phosphate concentrations in aquatic ecosystems, poses a 
significant environmental challenge, disrupting ecological balance and threatening water 
quality [1]. Elevated levels of phosphorus, stemming from agricultural runoff, industrial 
discharge, and domestic wastewater, can trigger algal blooms, oxygen depletion, and a 
decline in aquatic biodiversity [2]. Consequently, effective phosphate removal strategies are 
crucial for mitigating eutrophication and safeguarding water resources [3].  

Conventional methods for phosphate removal, like chemical precipitation, biological 
treatment & membrane filtration, often face limitations related to high operational costs, 
incomplete removal efficiency, sludge generation, and secondary pollution, which restrict 
their large-scale applicability [4]. Adsorption, utilizing cost-effective and readily available 
materials, has emerged as a promising alternative for phosphate removal from aqueous 
solutions. This approach offers several advantages, including high removal efficiency, ease 
of operation, and the potential for resource recovery. The looming depletion of accessible 
phosphorus reserves by approximately 2300 highlights the urgent need for innovative 
phosphorus recovery technologies to ensure a sustainable supply for future generations [5].  

Recovering phosphorus from wastewater through technologies like struvite 
crystallization not only addresses environmental pollution but also reduces the agricultural 
sector's reliance on artificial phosphorus fertilizers [6]. Exploring the use of waste materials 
as bio-adsorbents aligns with the principles of sustainable development, transforming 
industrial byproducts into valuable resources for environmental remediation. 
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Blast furnace slag (BFS) is generated during the manufacturing of iron in blast furnaces, 
representing a significant industrial byproduct with substantial environmental and economic 
implications. It consists mostly of silica, alumina, calcium oxide, magnesium oxide. The 
utilization of blast furnace slag as an adsorbent for phosphate removal presents a sustainable 
and economically viable approach to wastewater treatment [7-10]. 

The chemical composition and mineralogical phases present in BFS play a crucial role in 
its adsorption capacity for phosphate ions [11]. The adsorption capacity of blast furnace slag 
is influenced by its structural and compositional characteristics, which can be enhanced 
through physical and chemical modifications [12].  

The use of metallurgical slag as a sorbent offers a dual benefit: it mitigates the 
environmental challenges associated with slag disposal while contributing to the purification 
of natural water bodies [13]. Globally, large volumes of slag are produced each year, 
including approximately 20 million tons in the USA & 44 million tons in Europe [14]. The 
use of industrial byproducts is a significant move towards a "green" future for concrete and 
greatly improves waste management worldwide [15].  

This investigation evaluates the capability of BFS as an efficient adsorbent for the 
elimination of phosphate from aqueous soln. The uptake capacity of BFS was evaluated under 
various experimental conditions, including different pH levels, adsorbent dosages, initial 
phosphate concentrations, and contact times. 

2.  Materials and Methods  

2.1 Materials 

2.1.1 Reagents 

Phosphate soln of 50 ppm was synthetically prepared by adding 0.2195 grams of anhydrous 
monobasic potassium phosphate (KH₂PO₄) in 1 liter of distilled water. Desired concentrations 
in the range of 2.5–50 mg/L were then obtained through serial dilution. This synthetically 
prepared phosphate solution was used in batch experiments to optimize various sorption 
parameters. 

2.1.2 Preparation of Adsorbent 

BFS was sourced from a nearby industry located in Odisha, already in an extremely fine 
powdered form. Initially, it was cleaned with tap water and sun-dried for over four days. 
Subsequently, it was rinsed again with distilled water and subsequently dried overnight at 
104 °C. 

2.1.3 Preparation of Adsorbate 

The concentration was measured using the Stannous Chloride method [16]. In this method, 
Ammonium Molybdate reagent, Stannous Chloride reagent, and the filtered sample were 
combined into a single solution. The analysis was performed using a UV spectrophotometer. 
Specifically, 25 mL of the treated sample was mixed with 1 mL of Ammonium Molybdate 
and 0.125 mL of Stannous Chloride reagent. The absorbance of the soln was observed at 690 
nm between 10 and 12 minutes after reagent addition. 

2.2 Methods 

Batch experiments were conducted to optimize key parameters affecting the sorption process. 
Phosphate removal was investigated under varying operational parameters, including sorbent 
dose (1–20 g/L), contact time (15–150 min), initial pH (2–11), initial phosphate concentration 
(C₀: 2.5–50 mg/L), and agitation speed (25–200 rpm), while maintaining a const temp of 
25±2 °C. Batch investigation were executed out in a temp-controlled rotary-shaker using 
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0.250 L flasks containing 0.1 L of phosphate solution at the desired concentrations. The 
solution pH was adjusted with HCl and NaOH as required. Prior to analysis, all samples were 
filtered through Whatman filter paper & the phosphate conc was quantified using a UV-Vis 
spectrophotometer.  
 
The amount of phosphate uptake per unit weight of adsorbent was estimated according to the 
following equation: 

 (Qt) = 
(�����)�

�
                                                            (1) 

The percentage sorption (%) = 
(�����)

��
× 100             (2) 

Where, Co is the initial conc. of phosphate in mg L-1, Ce is the equilibrium conc. of phosphate 
in mg L-1, V is the vol. of phosphate soln in L, M is the weight of sorbent dose in g 

3.  Results and Discussions 

3.1 Sorbent Dose 

The outcome of sorbent dose on phosphate sorption was investigated by adjusting the BFS 
dosage in the range of 1–20 g/L in a synthetic aqueous solution containing 20 mg/L of 
phosphate, while holding other parameters fixed—agitation speed at 150 rpm, solution 
volume at 50 mL, and room temperature. The results indicated that phosphate removal 
efficiency increased from 58% to 88% as the sorbent dose was elevated from 1 to 15 g/L. 
However, as shown in Fig. 1, upon extending the dose range from 15 to 20 g/L produced only 
a negligible change in removal efficiency, suggesting that the sorption capacity had reached 
a plateau. In general, an increase in sorbent dose enhances phosphate removal efficiency up 
to an optimal threshold, beyond which additional dosage does not significantly improve 
performance [17,18]. 

3.2 Initial Concentration 

The influence of phosphate concentration on the adsorption of BFS was evaluated by varying 
�0 from 2.5 to 50 mg/L, while keeping other parameters constant. This approach enabled 
assessment of how initial concentration influences the adsorption capacity of BFS.Results 
indicated that phosphate removal efficiency was highest at lower initial concentrations and 
decreased progressively as the concentration increased (Fig. 2). This inverse relationship is 
consistent with previous findings in wastewater treatment, where lower initial concentrations 
enable more effective utilization of available adsorption sites or enhanced activity of 
phosphate-accumulating organisms [19, 20]. 

3.3 Period of Contact 

The outcome of contact period on phosphate sorption by the sorbent was evaluated by altering 
the duration from 15 to 150 minutes, while keeping other parameters constant. As revealed 
in Fig. 3, phosphate removal efficiency increased with contact time, indicating enhanced 
sorption. However, beyond 120 minutes, further increases in contact time resulted in minimal 
changes in removal efficiency, suggesting the system had reached equilibrium. This behavior 
can be ascribed to the progressive saturation of active sorption sites; as the sites become 
increasingly occupied, the rate of adsorption declines and eventually reaches equilibrium 
with the desorption rate [21]. 
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Fig. 1 Phosphate removal (%) at different sorbent dose  

 

Fig. 2 Phosphate removal (%) at different phosphate concentration  

 

Fig. 3 Phosphate removal (%) at different contact time 

3.4 Agitation Speed 
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The agitation speed was varied in increasing order from 25 revolution per minute tȯ 200 
revolution per minute. As shown in Fig. 4, phosphate removal efficiency increased with 
increasing agitation speed. Initially, an increase in agitation speed often correlates with an 
enhanced rate of phosphate removal, but this positive correlation typically plateaus and can 
even reverse beyond an optimal agitation threshold [22].  

3.5 pH 

To analyze the effect of pH on the adsorption capacity of BFS, the solution pH was altered 
across a range from acidic to alkaline conditions. That is from pH 2 to pH 11. Maximum 
adsorption of phosphate occurred as the solution pH rose from 2 to 7, while a decline in 
adsorption occurred when the pH was further raised to 11. The enhanced adsorption at lower 
to neutral pH values can be linked to the greater availability of negatively charged functional 
groups on the BFS surface, which facilitates electrostatic interactions with phosphate species 
[23]. However, as the pH breaches the neutral threshold and ventures into alkaline realms, 
the adsorbent surface tends to acquire a negative charge, engendering an electrostatic 
repulsion that curtails phosphate adsorption [23, 24]. 

 

Fig. 4 Phosphate removal (%) at different agitation speeds 

 

Fig. 5 Phosphate removal (%) at different pH  

3.6 Modeling of Adsorption Isotherms and its Studies 

3.6.1 Langmuir isotherm (LI) 

50

55

60

65

70

75

80

85

90

25 50 75 100 125 150 175 200

R
em

o
v
a
l e

ff
ic

ie
n

cy
 (%

)

Agitation speed (rpm)

40

50

60

70

80

90

100

0 1 2 3 4 5 6 7 8 9 10 11

R
em

o
v

a
l e

ff
ic

ie
n

cy
 (%

)

pH

Journal For Basic Sciences ISSN NO : 1006-8341

ICCEAS 2025 PAGE NO: 160



LI model presupposes monolayer adsorption on a homogeneous surface with minimal 
interaction between adsorbed molecules. Data fitting was performed using the Langmuir 
isotherm & the resulting isotherm (Fig. 6) showed good linearity. Langmuir constants were 
found to be 2.04 mg/g for maximum adsorption capacity (�0) & 0.54 for the adsorption 
affinity constant (�). The high correlation coefficient (R² = 0.985) indicates an excellent fit, 
confirming monolayer adsorption behavior. Additionally, the dimensionless separation factor 
(Rᴸ) was calculated to be 0.085, indicating that the sorption process is favorable and 
spontaneous. 

 

Fig. 6 LI plots of phosphate adsorption 

3.6.2 Freundlich isotherm (FI) 

FI model is commonly invoked to explain adsorption on heterogeneous surfaces, accounting 
for differences in adsorption site energies and permitting multilayer adsorption. This model 
was applied to fit the observed data, as presented in Fig. 7. The FI constants n & KF have 
values of 2.07 and 0.55 mg/g, respectively. The correlation coefficient (R² = 0.905) suggests 
a good fit, supporting the occurrence of multilayer adsorption on a non-uniform surface. 

 

Fig. 7 FI plots of phosphate adsorption 

3.7 Adsorption kinetics  
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depicted in Fig. 8. The PFO kinetic model yielded a rate constant (�1) of 2.3 × 10⁻² min⁻¹ and 
a calculated equilibrium adsorption capacity (��) of 5.16 mg/g. The correlation coefficient 
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(�2 = 0.958) reveals a reasonably good correspondence of the data to this model, suggesting 
that physisorption is likely the predominant mechanism. 

 

 Fig. 8 PFO kinetic model of phosphate adsorption 

3.7.2 Pseudo second order model (PSO) 

The PSO model was assessed by plotting t/qₜ versus time (t), as shown in Fig. 9. PSO rate 
constant (�2) & the theoretical adsorption capacity (��) were determined as 0.452 × 10⁻² 
min⁻¹ and 9.69 mg/g. The strong consistency between the experimental and predicted �� 
values, together with the strong linearity of the plot, confirms that the adsorption process is 
satisfactorily interpreted by the PSO model, indicating chemisorption as the dominant rate-
controlling mechanism. 

 

Fig. 9 PSO kinetic model of phosphate adsorption 
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concentration. Maximum removal efficiency (~88.8%) was achieved under optimized 
conditions (15 g/L BFS dose, pH 7, 150 rpm, 120 min contact time, and 20 mg/L initial 
phosphate concentration). 

Equilibrium adsorption behavior was best explained by the LI model (R² = 0.985), 
representing monolayer adsorption. The FI model also provided a equitable fit (R² = 0.905), 
reflecting surface heterogeneity. Kinetic analysis revealed that PSO model (R² = 0.996) most 
accurately described the adsorption process, confirming chemisorption as the dominant rate-
limiting mechanism. 

Overall, BFS exhibited promising adsorption capacity and removal efficiency, 
positioning it as a viable and sustainable alternative for phosphate remediation in wastewater 
treatment. The application of such metallurgical waste materials not only offers an 
economical solution for environmental management but also contributes to the principles of 
circular economy and industrial waste valorization. 

Acknowledgements 

The authors wish to acknowledge Department of Civil Engg., VSSUT Burla and NIST 
University Berhampur for felicitating the research work. 

References 

[1] D.R. Arsand, A.M. Bernardes, Electrodialysis treatment of phosphate solutions, in: Top. 
Min. Metall. Mater. Eng., Springer, 101 (2013), https://doi.org/10.1007/978-3-642-40249-
4_9 

[2] L. Xu, et al., Purification efficiency of three combinations of native aquatic macrophytes 
in artificial wastewater in autumn, Int. J. Environ. Res. Public Health 18(11), 6162 (2021), 
https://doi.org/10.3390/ijerph18116162 

[3] Y. Liu, Y. Chen, Q. Zhou, Effect of initial pH control on enhanced biological phosphorus 
removal from wastewater containing acetic and propionic acids, Chemosphere 66, 123 
(2006), https://doi.org/10.1016/j.chemosphere.2006.05.004 

[4] N. Zaletova, S. Zaletov, I. Bulychev, Potential of biological phosphorus removal, 
MATEC Web Conf. 178, 09021 (2018), https://doi.org/10.1051/matecconf/201817809021 

[5] S. Daneshgar, A. Callegari, A.G. Capodaglio, D.A. Vaccari, The potential phosphorus 
crisis: Resource conservation and possible escape technologies: A review, Resources 7(2), 
37 (2018), https://doi.org/10.3390/resources7020037 

[6] D. Kok, S. Pande, J.B. van Lier, A.R.C. Ortigara, H.H.G. Savenije, S. Uhlenbrook, Global 
phosphorus recovery from wastewater for agricultural reuse, Hydrol. Earth Syst. Sci. 22(11), 
5781 (2018), https://doi.org/10.5194/hess-22-5781-2018 

[7] P. Chakravarty, N.S. Sarma, H. Sarma, Biosorption of cadmium(II) from aqueous solution 
using heartwood powder of Areca catechu, Chem. Eng. J. 162(3), 949 (2010), 
https://doi.org/10.1016/j.cej.2010.06.048 

[8] M.S. Sajab, W.N.L.W. Jusoh, D. Mohan, H. Kaco, R. Baini, 3D printed functionalized 
nanocellulose as an adsorbent in batch and fixed-bed systems, Polymers 15(4), 969 (2023), 
https://doi.org/10.3390/polym15040969 

[9] N.R. Bishnoi, M. Bajaj, N. Sharma, A. Gupta, Adsorption of Cr(VI) on activated rice husk 
carbon and activated alumina, Bioresour. Technol. 91(3), 305 (2003), 
https://doi.org/10.1016/s0960-8524(03)00204-9 

Journal For Basic Sciences ISSN NO : 1006-8341

ICCEAS 2025 PAGE NO: 163



[10] E. Rohaeti, W.P. Sari, I. Batubara, Utilization of rice husk as Pb adsorbent in blood 
cockles, IOP Conf. Ser. Earth Environ. Sci. 31, 012044 (2016), https://doi.org/10.1088/1755-
1315/31/1/012044 

[11] X. Li, H. Zhou, W. Wu, S. Wei, Y. Xu, Y. Kuang, Studies of heavy metal ion adsorption 
on chitosan/sulfydryl-functionalized graphene oxide composites, J. Colloid Interface Sci. 
448, 389 (2015), https://doi.org/10.1016/j.jcis.2015.02.039 

[12] S.F. Chua, A. Nouri, W.L. Ang, E. Mahmoudi, A.W. Mohammad, A. Benamor, M.M. 
Ba-Abbad, The emergence of multifunctional adsorbents and their role in environmental 
remediation, J. Environ. Chem. Eng. 9(1), 104793 (2020), 
https://doi.org/10.1016/j.jece.2020.104793 

[13] A.G. Morozova, et al., Utilization of metallurgical slag with presence of novel CaO-
MgO-SiO₂-Al₂O₃ as a composite sorbent for wastewater treatment contaminated by cerium, 
J. Clean. Prod. 255, 120286 (2020), https://doi.org/10.1016/j.jclepro.2020.120286 

[14] Í. Ortega-Fernández, J. Rodríguez-Aseguinolaza, A. Gil, A. Faik, B. D’Aguanno, New 
thermal energy storage materials from industrial wastes: Compatibility of steel slags with 
the most common heat transfer fluids, ASME 2014 8th International Conference on Energy 
Sustainability, Paper ID ES2014-6369 (2014), https://doi.org/10.1115/ES2014-6369 

[15] M.S. Sundin, H. Hedlund, A. Ćwirzeń, Eco-concrete in high temperatures, Materials 
16(12), 4212 (2023), https://doi.org/10.3390/ma16124212 

[16] American Public Health Association (APHA), Standard Methods for the Examination 
of Water and Wastewater, 22nd ed., American Water Works Association, Water 
Environment Federation, Washington, D.C. (2012) 

[17] X. Liu, Research progress on treatment technology of produced water by adsorption 
method, IOP Conf. Ser. Mater. Sci. Eng. 472, 012082 (2019), https://doi.org/10.1088/1757-
899x/472/1/012082 

[18] V. Rajaković-Ognjanović, G.N. Aleksić, Lj.V. Rajaković, Governing factors for motor 
oil removal from water with different sorption materials, J. Hazard. Mater. 154, 558 (2007), 
https://doi.org/10.1016/j.jhazmat.2007.10.066 

[19] N. Zainol, S.M. Ismail, The study on biological pH treatment of acidic palm oil mill 
effluent, J. Teknol. 76(1) (2015), https://doi.org/10.11113/jt.v76.4025 

[20] A.E. Ofomaja, Y.S. Ho, Effect of pH on cadmium biosorption by coconut copra meal, J. 
Hazard. Mater. 139(2), 356 (2006), https://doi.org/10.1016/j.jhazmat.2006.06.039 

[21] L. Cozmuta, A. Cozmuta, A. Peter, C. Nicula, E. Nsimba, H. Tutu, The influence of pH 
on the adsorption of lead by Na-clinoptilolite: Kinetic and equilibrium studies, Water SA 
38(2) (2012), https://doi.org/10.4314/wsa.v38i2.13 

Journal For Basic Sciences ISSN NO : 1006-8341

ICCEAS 2025 PAGE NO: 164




