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 4 

Abstract 5 

Purpose 6 

Steelmaking slag, a by-product of the steel-refining process, could be used for removing B excess from 7 

irrigation natural and waste waters, due to its strongly alkaline reaction. The objectives of this study 8 

were to: a) establish the optimum external solution / adsorbent ratio and equilibration time of B 9 

adsorption by the slag and b) assess the slag's capacity to adsorb B. 10 

Methods 11 

Two preliminary B adsorption experiments were conducted to determine the optimum external solution 12 

/ adsorbent ratio and equilibration time. The optimum conditions were employed for the main B 13 

adsorption experiment and the non-linear Langmuir and Freundlich isotherms were fitted to the B 14 

adsorption data. 15 

Results 16 

Boron adsorption increased with the increase of the external solution / adsorbent ratio up to the ratio of 17 

200:1. Although, almost 40 % of B was adsorbed within the first hour of equilibration period, the 18 

adsorption gradually increased until the 72 h. The Langmuir B adsorption maximum was almost 150 19 

mg g-1, considerably higher than other adsorbents, like fly ash, calcite and magnesia. At B initial 20 

concentrations lower than 4 mg L-1, slag removed 60 % of B and reduced it below the permissible 21 

levels for irrigation waters (< 3 mg L-1) for most crops. The pH of the equilibrium solution was 10.3 ± 22 

0.8 and dropped to acceptable levels for irrigation waters (< 8.5), after contact with atmosphere for one 23 

week. 24 

Conclusions 25 

Consequently, steelmaking slag can be used effectively for removing B excess from irrigation waters. 26 

However, attention should be given to the pH of the slag-treated waters. 27 
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 1 

Introduction 2 

 3 

Boron concentration in irrigation (natural and waste) waters higher than 3 mg B L-1 can cause 4 

adverse effects on most crops [1]. Consequently, it is essential that B excess in irrigation waters should 5 

be reduced prior to application. As of now, B removal from water by adsorption not only has been the 6 

most cost-effective method but also a method by which even low B concentrations can be removed. 7 

Several materials are proposed in the literature as B adsorbents, like chelating resins, activated C, 8 

oxides, hydroxides and industrial wastes [2], fly ash and coal [3, 4] and magnesia [5]; certain of them 9 

have been proven effective B adsorbents. 10 

Steelmaking slag, a by-product of the steel refining process [6], is mainly a calcareous 11 

material with strongly alkaline reaction and contains among others Ca, Mg, Fe and Al oxides at 12 

considerable amounts [7]. The slag’s reaction and content favor B adsorption [8]. Steelmaking slag had 13 

been tested as adsorbent for the removal of metals and non-metals, from natural and waste waters. In 14 

the literature is reported removal of Cu, Zn, Cd, Pb and As, from wastewaters by the particular slag, 15 

higher than 90 % [9, 10, 11] and removal of P higher than 99 % [12]. As far as B is concerned, 16 

percentages of B removal by the slag higher than 95 % are reported [13, 14]. 17 

Based on the above, due to its alkaline reaction and composition, steelmaking slag could be used 18 

for removing B excess from irrigation waters, through adsorption. The purpose of this work was to 19 

investigate extensively B adsorption on steelmaking slag by: a) establishing the optimum external 20 

solution / adsorbent ratio and equilibration time of B adsorption and b) assessing the capacity of the 21 

slag to adsorb B, by fitting non-linear isotherms to B adsorption data 22 

 23 

Materials and Methods 24 

 25 

Certain properties of the steelmaking slag 26 

A sample of ground steelmaking slag (EINECS No: 266-004-1 CAS No: 65996-71-6) of 27 

particle size fraction < 0.1 mm was obtained from the Greek industry Aeiforos (SIDENOR). The slag's 28 

composition was CaO (53.9 %), SiO2 (18.1 %), FeO (7.9 %), MgO (4.7 %), Al2O3 (3.2 %), MnO (2.1 29 

%), Cr (< 0.06 %), Zn (< 0.04 %) and other metals (< 0.02 %) [7]. In the present study, the slag was 30 
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analyzed for moisture content, pH and EC (in suspension with water at a ratio of 1:2), in five 1 

replications. Briefly, the slag had low moisture content (11 ± 8 g kg-1), strongly alkaline reaction (pH 2 

12.1 ± 0.1) and increased EC (7.6 ± 0.2 dS m-1). Moreover, qualitative mineralogical composition of 3 

the slag, before and after equilibration with H2O and drying, was determined by x-ray diffraction 4 

patterns of randomly oriented powder specimens. 5 

 6 

Boron adsorption experiments 7 

Two preliminary and a main B adsorption experiment on the steelmaking slag were conducted 8 

at 25 ± 1 °C, in three replications. For each experiment, after equilibration, pH, EC and B by the 9 

azomethine-H method [15] were determined in the equilibrium solution. Adsorbed B was calculated as 10 

the difference between the amount added and that found in solution at equilibrium. For all experiments, 11 

B solutions of 0-500 mg B L-1 as H3BO3 were used for equilibration. Ratios of 10:1-500:1 were 12 

investigated for the optimum solution / adsorbent ratio determination and periods of 1-72 h were 13 

investigated for the optimum equilibration time determination. Optimum solution / adsorbent ratio 14 

(200:1) and equilibration time (72 h), which were obtained from the preliminary experiments, were 15 

employed for the main B adsorption experiment. In addition, at the end of the main B adsorption 16 

experiment, pH was determined every 24 h for the following days in order to ensure that it had dropped 17 

below the acceptable levels for irrigation waters (< 8.5) [1]. 18 

 19 

Statistical analysis 20 

The B adsorption capacity of the slag was determined from the data of the main B adsorption 21 

experiment after fitting to them the Langmuir (1) and Freundlich (2) equations by nonlinear regression, 22 

using the Levenberg-Marquardt algorithm and the statistical package SPSS, version 25.0. The goodness 23 

of fit for both equations was evaluated using the F-test. 24 

Langmuir: x = KMC/(1+KC)                                                                                                                  (1) 25 

Freundlich: x = kCn                                                                                                                                 (2) 26 

where: x is adsorbed B (mg g-1), C is B in the equilibrium solution (mg L-1) and K, M, k and n are 27 

parameters. Specifically, K (L mg-1) express the affinity of the slag for B, M (mg g-1) is the maximum 28 

B adsorption capacity of slag, k is the amount of adsorbed B when C = 1, n is a measure of B 29 

adsorption intensity. 30 
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 1 

Results and Discussion 2 

 3 

The results of the preliminary B adsorption experiments showed that as the ratio of external 4 

solution / adsorbent increased, B adsorption also increased. These results contradict other researchers' 5 

findings, since the opposite trend has been observed for other inorganic alkaline materials, which have 6 

been tested as B adsorbents [3, 4, 5, 16]. From all ratios, the 200:1 ratio was considered as the optimum 7 

one, because at the specific ratio B adsorption seemed to maximize. As far as the optimum 8 

equilibration time is concerned, B adsorption seemed to be completed to a large extent at the end of the 9 

first hour of the equilibration period, since 38.6 ± 5.7 % of B had been adsorbed. However, a gradual 10 

increase in B adsorption was noticed afterwards, while after 72 h of equilibration, 51.1 ± 14.0 % of B 11 

was adsorbed. Although the 24 h are considered adequate time for equilibration between solid and 12 

liquid phase in B adsorption experiments [8], in the current study the 72 h were considered as the 13 

optimum equilibration period, because at the particular time B adsorption seemed to maximize. 14 

Both the Langmuir and Freundlich nonlinear equations were fitted satisfactorily to the B 15 

adsorption data (Fig. 1), with the Langmuir equation to be slightly superior to the Freundlich, as this 16 

was judged from the values of the F-test (Table 1). Langmuir's adsorption maximum (145 mg g-1) 17 

(Table 1) indicated that steelmaking slag exhibited high B adsorption capacity, which was considerably 18 

higher than that of other adsorbents reported in the literature. Specifically, other researchers reported 19 

Langmuir B adsorption maximum 0.17 mg g-1 [16] and 0.30 mg g-1 [4] for fly ash, 0.215 mg g-1 for 20 

calcite [17] and 4.45 mg g-1 for magnesia [5]. 21 

When B concentration in the external solution ranged between 1-4 mg L-1, slag achieved an 22 

average B removal of 60 % and reduced B concentration below critical levels for irrigation waters (< 3 23 

mg L-1). The EC of the equilibrium solution had a mean value of 1.6 ± 0.1 dS m-1, which is considered 24 

acceptable for irrigation waters for most crops. The pH of the equilibrium solution was strongly 25 

alkaline initially (10.3 ± 0.8) and then dropped to acceptable levels for irrigation waters (< 8.4) after 26 

being in contact with atmosphere for seven days [1]. 27 

The steelmaking slag's high alkaline reaction substantiated its high adsorption capacity for B to a 28 

large extent, but further investigation of the slag's mineralogical composition, through x-ray diffraction 29 

analysis, was considered essential for better understanding the B adsorption process. These results 30 
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showed that the slag is mainly an amorphous material (Fig. 2); however, certain crystalline phases can 1 

be easily distinguished [Ca(OH)2 and CaCO3]. Crystalline phases which are not identified in Fig. 2 2 

correspond to hydrous Si-Ca phases. It is worth noting that during equilibration with H2O, the slag's 3 

mineralogical composition changed due to Ca(OH)2 transformation to CaCO3 (Fig. 2). Consequently, 4 

the slag's high B adsorption capacity could be attributed not only to its strongly alkaline reaction but 5 

also to its mineralogical composition and its alteration during the equilibration period of the B 6 

adsorption experiment. The findings of the current study are supported by other researchers findings, 7 

who reported that B adsorption by amorphous materials is higher than that of the well crystallized 8 

materials [18] and that CaCO3 favors B adsorption [17]. 9 

 10 

Conclusions 11 

 12 

According to Langmuir’s nonlinear equation, steelmaking slag exhibited an adsorption 13 

maximum that reached almost 150 mg g-1, being considerably higher than that of other B adsorbents. 14 

Based on its high B adsorption capacity, steelmaking slag can be used effectively for removing B 15 

excess from irrigation (natural and waste) waters. However, the pH of slag-treated waters should be 16 

considered in the perspective of using them for irrigation purposes. 17 

 18 
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Figure captions 2 

Fig. 1 Experimental data of B adsorption on the steelmaking slag and the fitted non-linear Langmuir 3 

and Freundlich isotherms 4 

Fig. 2 X-ray diffraction patterns of steelmaking slag, before and after equilibration with H2O and 5 

drying 6 

7 
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Table 1 The parameters of the nonlinear Langmuir and Freundlich equations and their respective F-test 2 

values, for B adsorption on the steelmaking slag 3 

Equation Parameters F-test 

Langmuir M (mg g-1) K (L mg-1) 1107*** 

 145† ± 47‡ 0.001±0.0004  

Freundlich k (mg kg-1) n 953*** 

 236 ± 66 0.88 ± 0.05  

† Mean 4 

‡ Standard deviation 5 

*** p ≤ 0.001 6 
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Fig. 1 Experimental data of B adsorption on the steelmaking slag and the fitted non-linear Langmuir 3 

and Freundlich isotherms 4 

5 



11 

 1 

 2 

Fig. 2 X-ray diffraction patterns of steelmaking slag, before and after equilibration with H2O and 3 

drying 4 


