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Abstract 

 

Phosphorus is an essential element; however, an excess amount 

of phosphorus in natural waterbodies can cause eutrophication 

which can be detrimental to water quality and causes various 

environmental problems. Many technologies to remove phosphorus 

from wastewater have been developed in the last several decades. 

The use of slag is one of the novel approaches to remove 

phosphorus. Slag that contains calcium, aluminum and free lime has 

the potential to be applied in the phosphorus removal process using 

a precipitation-coagulation mechanism. A sodium hydroxide coating 

is expected to improve phosphorus removal with a precipitation-

coagulation mechanism by providing a high pH and favorable 

conditions for coagulation. 

A batch test was conducted with distilled water to clarify the 

main factor affecting slag exhaustion. Afterwards, a column test 

was conducted with wastewater to demonstrate phosphorus 

removal by the coated slag. Results of the batch test indicate that 

the ability of the slag to increase pH (10.5) decreased with time 

while the cations that help the precipitation process were 

consistently released. When the slag was coated with sodium 

hydroxide, the volume of distilled water, whose pH value can be 

raised to 10.5 by slag, increased by 42%.  

In a column test using fine-grained slag, a high phosphorus 

removal efficiency was obtained. However, the removal efficiency 
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drastically decreased as the pH decreased down to 8. When 

coarse-grained coated slag was used pH values remained high. 

Accordingly, the coarse-grained coated slag showed better 

phosphorus removal efficiency from 16 bed volumes than the fine-

grained uncoated slag. In addition, aluminum and sodium, released 

from the coating materials, promoted the coagulation of the 

precipitated phosphorus. A surface analysis using XRD and SEM-

EDS showed the existence of calcium phosphate and aluminum 

hydroxide on the surface of the exhausted slag.  

However, the wastewater treated by the coated slag contains a 

high concentration of aluminum and sodium which might cause 

further environmental problems. To solve this problem, a return 

process to recycle the excess amount of aluminum and sodium was 

applied. The effluent in the initial stage that contains excess 

aluminum and sodium will be returned to the influent before the 

column. As a result, the concentrations of aluminum and sodium 

were decreased, and the phosphorus removal efficiency was more 

than 50% till the end of the test, which implies that the lifespan of 

slag was extended. In conclusion, this study demonstrates sodium 

hydroxide coating of slag is an efficient method for phosphorus 

removal.  

 

Keywords: Phosphorus, Wastewater, Slag, Sodium hydroxide, 

Precipitation, Coagulation 
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1. Introduction 

 

1.1 Background 

 

Phosphorus is an essential element for living creatures. 

However, the discharge of phosphorus through wastewater has 

been increased gradually and is primarily due to the growing use of 

fertilizers and detergents. One of the most significant environmental 

phenomena induced by phosphorus is eutrophication. Eutrophication 

is an abnormal proliferation of organisms in waterbodies that causes 

several problems in natural waterbodies. The main factors causing 

eutrophication are sunlight and nutrients, including nitrogen and 

phosphorus (Ryther and Dunstan, 1971).  

When phosphorus is discharged into natural water systems, 

aquatic macro- and microorganisms are stimulated to grow in large 

and potentially hazardous quantities (Ugurlu and Salman, 1998). 

One example of the serious environmental problems derived by the 

eutrophication is an algal bloom. For instance, during the summer in 

South Korea, water supply sources are threatened by algal blooms 

due to massive eutrophication that causes serious environmental 

problems, including aggravation of water quality in water supply 

sources. Consequently, phosphorus discharge to natural water 

systems has been regulated via various legislations for water 

quality standards in many countries. 

To prevent excessive discharge of phosphorus into natural 
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waterbodies, the effluent of the wastewater treatment plant should 

be controlled regarding phosphorus concentration. Accordingly, 

many previous studies have focused on discovering and improving 

the processes to remove phosphorus efficiently and economically. 

Chemical and biological methods have been used for a commercial 

purpose in wastewater treatment plants. Precipitation-coagulation 

is the typical chemical treatment process used, and an anaerobic 

and/or anoxic zone is introduced in biological phosphorus removal 

processes (Morse et al., 1998). Recently, various research 

regarding the chemical and biological phosphorus removal have 

been conducted to find the optimal conditions for processes or to 

modify the chemical properties of materials used in the processes.  

 

1.2 Recent studies 

 

Chemical methods have used coagulants such as alum or ferric 

ion for phosphorus removal. Several studies have used alum 

(Omoike and Vanloon, 1999; Goergantas and Grigoropoulou, 2007; 

Babatunde et al., 2008), ferric ions (Fytianos et al., 1998; Zhang et 

al., 2010), or derived alternative forms of alum (Duffy and Vanloon, 

1994; Galarneau and Gehr, 1997) as the coagulants.  

Biological methods have been also widely studied due to an 

economic advantage over chemical methods. Anaerobic or anoxic 

reactors (Kerrn- Jespersen and Henze, 1993) and sequencing 

batch reactors (Jeon and Park, 2000; Chen et al., 2004) for 
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biological removal have been introduced and studied. Also, 

enhanced biological phosphorus removal processes have been 

investigated by many researchers (Oehmen et al., 2007; Comeau et 

al., 1986) 

Although the biological method is a low-cost process, the 

variability in the chemical compositions and the temperature of 

wastewater would make its implementation complicated (Li et al., 

2006). In contrast, chemical treatment shows high phosphorus 

removal efficiency but their cost and sludge productions result in 

economic drawbacks.  

One of the novel approaches in phosphorus removal technology 

is utilizing industrial by-product or waste such as slag or fly ash 

(Johansson, 1998; Agyei et al., 2000; Can and Yildiz, 2005). In 

particular, as a suitable sorbent and an enriched provider of cations 

for phosphorus removal, slag has been issued as an alternative 

material for phosphorus removal. Blast furnace slag has been used 

as a material to remove phosphorus because of its high phosphorus 

retention capacity (Lee et al., 1997; Kostura et al., 2005; Gong et 

al., 2009). In other words, previous studies have mainly focused on 

the adsorption mechanism of phosphorus on the slag surface, and 

they try to modify the surface of slag to improve the phosphorus 

removal efficiency. Besides, HRT (hydraulic retention time) 

required by the process is relatively longer. 

On the other hand, several studies showed that the 

precipitation-coagulation mechanism that is closely related to the 

calcium or aluminum ions has a significant role in phosphorus 
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removal by slag (Johansson, 1999; Oguz, 2004). Furthermore, 

research for phosphorus recovery using slag was conducted by 

enhancing precipitation into crystallization (Bowden et al., 2009; 

Claveau-Mallet et al., 2012). However, researchers studying 

precipitation were mostly interested in a passive treatment process 

such as constructed wetlands which targets a long-term and large-

scale treatment (Drizo et al., 2006; Prochaska and Zouboulis, 2006). 

Finally, an active filter using both mechanisms actively has been 

demonstrated in the field and these methods have showed promising 

results over a long term (Pratt et al., 2007; Shilton et al., 2006). 

Despite the remarkable progress in the phosphorus removal 

technologies using slag, there are serious drawbacks that still need 

to be solved. First of all, a number of studies mentioned above used 

finely ground slag whose size is less than 1 mm and mostly less 

than 0.5 mm (Pratt et al., 2007; Oguz, 2004; Johansson, 1999; 

Kostura et al., 2005; Gong et al., 2009). Smaller sized particles that 

have larger surface areas would be a good sorbent to remove 

phosphorus by adsorption, but at the same time, the grinding 

process needs higher grinding cost as well as energy consumption. 

Moreover, to understand the adsorption of phosphorus, most of the 

studies mentioned above used synthetic wastewater or phosphorus 

solutions under deal conditions.  

Secondly, many studies mainly focused on adsorption; in other 

words, few researchers have tried to improve the precipitation-

coagulation process. Several studies revealed that the phosphorus 

adsorption on the surface of slag favored in neutral to acidic 
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conditions because of the repulsion between negative surface 

charges at high pH levels (Yamada et al., 1986; Xue et al., 2009). 

Therefore, several types of research conducted acid washing for 

slag to maintain the pH of the solution in the range of neutral pH. In 

contrast, the calcium phosphate precipitation or crystallization 

mostly favors high pH levels (Battistoni et al., 2001; Semerjian and 

Ayoub, 2003; Cleaveau-Mallet et al., 2014) and, in this study, it is 

noted that lime from slag could increase the pH of the solution by 

dissolution. 

 

1.3 Aim of the research 

 

By improving the precipitation-coagulation process, 

dependence on surface area and requirement of acid washing will be 

reduced by increasing the participation of precipitation-coagulation 

and utilizing a high pH that is naturally provided by slag. In the case 

of precipitation-coagulation, the importance of large surface area is 

much less than in the case of adsorption and high pH is favored to 

produce hydroxide compounds such as aluminum and magnesium 

hydroxide, as a coagulant, and calcium phosphate precipitates, such 

as hydroxyapatite. Moreover, the relatively longer time required for 

the adsorption mechanisms would be shortened by enhancing the 

coagulation mechanism such that practical introduction to 

wastewater treatment plants as well as a passive treatment plants 

(e.g., constructed wetland), will be viable. An experiment with slag 
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demonstrated that 30% of the total phosphorus removal was 

estimated due to the slag adsorption, whereas precipitation-

coagulation was responsible for the remaining 70% (Lu et al., 2008). 

Therefore, the enhanced phosphorus removal process using 

slag, especially regarding the precipitation-coagulation mechanism, 

was suggested in this study. The leachate from slag is fully utilized. 

The precipitation-coagulation in this paper includes the concept of 

amorphous coagulation–flocculation and crystallization. 

Sodium hydroxide, as a strong base material, provides 

excessive hydroxide ions to the solution that could promote active 

phosphorus removal by the calcium phosphate precipitation. Slag 

provides calcium to wastewater dominantly. Accordingly, the 

phosphorus precipitation mechanism using slag will be mainly 

calcium precipitation that is favorable at a high pH range from 9 to 

11 (Jenkins et al., 1971). Since calcium is the main component of 

the slag, calcium has less possibility of insufficient supply. 

Therefore, sodium hydroxide coating is expected to help to maintain 

high pH values during the phosphorus removal process. 

Furthermore, the electrolytes provided to the solution such as 

sodium can promote coagulation of formed precipitates.  

Also, one of the obstacles that deteriorate phosphorus removal 

efficiency is the adsorption of phosphorus on the surface of slag in 

the early phase of the phosphorus removal process. The adsorption 

at early stage limits adsorption sites on the slag surface (Pratt et al., 

2007; Zhang and Itoh, 2005) and hinders the supply of useful 

substances; consequently, the slag should be replaced very often. 
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Sodium hydroxide coating would also be helpful for reducing the 

excess dissolution of useful substances in the initial stage of the 

process.  

Therefore, the sodium hydroxide coating applied on the slag 

surface will improve the phosphorus removal efficiency mainly 

regarding the precipitation-coagulation mechanism, and will 

facilitate the removal of phosphorus, ultimately prolonging the 

lifespan of the slag. 

Batch tests were conducted to investigate the factors and show 

the competitive capacity of the sodium hydroxide coated slag to 

maintain a high pH of the solution. Based on the results of the batch 

tests, column tests were conducted to examine the applicability of 

the coated slag to real wastewater. Phosphorus removal efficiencies 

by slag in various particle sizes were compared to the sodium 

hydroxide coated slag to demonstrate that the coated slag could be 

promising materials for phosphorus removal from wastewater.  
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2. Theoretical backgrounds 

 

2.1 Phosphorus removal process 

 

As much as the importance of phosphorus removal has been 

regarded, many studies have been conducted to improve the 

removal efficiency of phosphorus. Development of technologies to 

remove phosphorus, causing eutrophication, started in the 1950s by 

the need to reduce phosphorus levels entering surface waters 

(Morse et al., 1998). Thus, there are many ways to reduce the 

concentration of phosphorus in discharged water to nature. Mostly, 

chemical and biological approaches and technologies are used to 

attenuate the concentration of phosphorus in the wastewater stream.  

Biological phosphorus removal is based on phosphorus uptake 

by activated sludge. The activated sludge is the form of brown 

coagulation by the growth of microorganisms in the water formed 

by nutrient of wastewater and aeration. Activated sludge takes up 

the excess amount of phosphorus called “luxury uptake” and 

achieves 80 to 90% of overall removal efficiency (Morse et al., 

1998). The basic system for biological phosphorus removal using 

activated sludge consists of the anaerobic and aerobic sequence. In 

the anaerobic phase, microorganisms release phosphorus by the 

uptake of acid, that is, mostly fatty acid. After the anaerobic stage, 

aeration facilitates the luxury uptake of phosphorus due to 

metabolic requirements of the microorganisms in the aerobic stage 



 

 9

(Yeoman et al., 1988). In the aerobic stage, the relatively higher 

amount of phosphorus is taken up by the activated sludge; therefore, 

the overall phosphorus removal rate is up to 80 to 90%.  

Biological phosphorus removal shows three advantages: low 

operating cost, reduced sludge production, fewer problems with 

effluent salinity, and easier management (Blackall et al., 2002). 

However, since biological phosphorus removal uses microorganisms 

as a material for removal, complementary chemical treatment is 

required to maintain a low and consistent effluent concentration of 

phosphorus (Morse et al., 1998). Moreover, many conditions are 

required to operate a biological reactor. 

 Chemical phosphorus removal is mainly based on the concept 

of chemical precipitation. Dissolved or suspended phosphorus 

should be insoluble and transformed into a large insoluble solid form 

to be removed easier. The addition of a divalent or trivalent metal 

salt to wastewater causes formation of an insoluble metal phosphate 

that can be settled out by sedimentation (Morse et al., 1998). 

Aluminum, iron, and calcium salts are used for chemical 

precipitation to remove phosphorus (Jenkins et al., 1971; Yeoman 

et al., 1988).  

Aluminum sulfate called alum is mainly applied to wastewater 

treatment processes. Alum undergoes the following reaction with 

phosphate (Yeoman et al., 1988): 

   (2-1) 

Also, aluminum ions form aluminum hydroxides (Al(OH)3) 

which are involved in the reaction with phosphate. However, 
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aluminum phosphate precipitation is thermodynamically and 

kinetically favored over aluminum hydroxide precipitation (Jenkins 

et al., 1971). Aluminum has a competitive position in phosphorus 

removal against other ferric ions regarding removal efficiency.  

Ferric (III) and ferrous (II) ions could be used for phosphorus 

removal. However, ferric ions are mainly responsible for 

phosphorus removal. Therefore FeCl3 is commonly used in 

wastewater treatment (Yeoman et al., 1988). 

   (2-2) 

The reaction in 2-2 is understood as the main removal 

mechanism using ferric ions. Ferric ions form strong complexes 

with relatively high molecular phosphate compounds such as 

pyrophosphate and tripolyphosphate (Jenkins et al., 1971). 

Furthermore, hydroxyl ions have competition with phosphate ions to 

the ferric ions, so the pH of the solution shows conclusive 

determination on phosphorus removal efficiency when ferric ions 

are used (Jenkins et al., 1971). The major advantage of using ferric 

ions is their low cost compared to alum. 

Calcium precipitates with phosphate to form calcium phosphate 

mainly hydroxyapatite in the solution. Quicklime or almost pure 

calcium oxide is used for phosphorus precipitation (Yeoman et al., 

1988). 

   (2-3) 

The precipitation with calcium ions usually occurs within the pH 

range of 9 to 11, although there are several different opinions about 
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the optimal pH range for calcium phosphate precipitation (Jenkins et 

al., 1971). Hydroxyapatite, fluorapatite, and calcite are the 

thermodynamically stable solids in this system. Reaction 

preferences and solubility changes according to pH make the pH of 

the solution essential for phosphorus removal using calcium. The 

process using calcium requires low cost as well as ferric ions.  

After the formation of metal phosphates, coagulation and 

flocculation by several coagulants such as alum, calcite, and metal 

hydroxides are required such that precipitation could settle down 

into an easier form to remove. 

The desire to produce a more marketable end-product during 

the phosphorus removal process led to the development of 

crystallization technology, which began in the 1970s (Morse et al., 

1998). Crystallization processes target mainly calcium phosphate, 

such as hydroxyapatite, on a seeding grain, typically sand. The 

process often requires the addition of caustic soda or lime to 

promote a higher pH range that facilitates hydroxyapatite 

crystallization. To achieve additional removal of ammonium in 

wastewater with phosphorus removal, struvite(NH4MgPO4) 

crystallization has been studied as well. Full commercialization has 

now been achieved, and there are a number of operational plants in 

the Netherlands (Morse et al., 1998). 

Processes utilizing adsorption has been widely developed 

because not only adsorbent as zeolite shows significant removal 

efficiency but also the industrial wastes, such as slag and fly ash, 

contains sufficiently large surface areas to obtain high removal 
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efficiencies (Sakadevan and Bavor, 1998). Elevated concentrations 

of cations as calcium, aluminum, and magnesium promote chemical 

precipitation and coagulation during adsorption as well. 

Commonly, a series of several methods is composed and applied 

to a wastewater stream as a portion of a wastewater treatment 

plant, for example, preliminary physical settlement followed by the 

primary chemical treatment to reduce the overall phosphorus 

concentration from the stream. Consecutively, biological treatment 

is applied accompanied by appropriate chemical treatment to 

maintain a specific range of concentration. Finally, after secondary 

treatment or added advanced treatment, if needed (generally 

chemical treatment), water will be discharged to the natural 

waterbodies. In addition to the wastewater treatment process to 

remove phosphorus, the exhausted sludge from the several 

processes are treated and removed properly. 

 

2.2 Slag for phosphorus removal 

 

Steel slag is a byproduct of the process in which iron converts 

to steel in an oxygen furnace or scrap is melted to make steel in an 

electric arc furnace (Shi, 2004). Slag is classified as basic oxygen 

furnace (BOF) slag, electric arc furnace (EAF) slag, and ladle slag 

(LF). Each type of slag has a different composition ratio, whereas 

components comprising each slag are similar (i.e., SiO2, Al2O3, FeO, 

CaO, and MgO). Basic oxygen furnace has been mostly used for 
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phosphorus removal. However, since each slag contains similar 

contents, characteristics of the processes and conditions should be 

considered to choose the most appropriate kind of slag to be applied 

as a phosphorus removal process.  

Slag itself contains enough surface area for adsorption of 

various components. Moreover, slag contains significant amounts of 

calcium, aluminum, and magnesium, which are regarded useful for 

inorganic phosphate adsorption or removal (Yamada et al., 1986). A 

number of studies have proven that slag has a high phosphorus 

sorption capacity not only in batch and column tests, but also in 

field investigations, although the mechanisms involved in the 

sorption of phosphorus are not very well known yet (Johansson and 

Gustafsson, 1999). Compositions of slag and wastewater, pH, the 

concentration of wastewater, and pretreatment such as acid 

washing or milling of slag are regarded as the main factors affecting 

phosphorus removal in wastewater treatment processes.  

The fundamental reaction of slag in the solution is leaching. 

Elements leached out from slag will be dissolved into the solution 

and provide cations and hydroxide ions. Calcium and hydroxide ions 

have significant roles for chemical removal of phosphorus by 

precipitation, coagulation, flocculation, and crystallization in 

wastewater. Cations and hydroxide ions from slag could induce 

coagulation of phosphorus as particles, which are then settled out in 

the wastewater. In the optimal condition, calcium phosphate could 

be produced both in crystal or amorphous form.  

Calcium ions providers are different calcium oxides that 
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comprise slag. Tricalcium silicate (3CaOㆍSiO2), rankinite 

(3CaOㆍ2SiO2), calcium aluminate(CaOㆍAl2O3), and lime(CaO) are 

examples of calcium oxides minerals inside slag. In contrast, the 

capacity to increase the pH of a solution by slag is not well known. 

There are few explanations about why slag increases the pH of the 

solution. One of the causes is derived from lime inside the slag. 

Total free lime content in the slag was measured up to 12% of total 

slag (Shi, 2004). When the slag is in solution, this free lime 

dissolves into the water and increases pH of the solution by the 

following reaction. 

   (2-4) 

Another explanation describes weakening bonds inside water 

molecules from the positive charge of cations on the surface of slag. 

When slag is added to water, the slag will be surrounded by water 

molecules (HO-H). The positive charges of cations on the surface 

of slag weaken the forces holding the protons (hydrogen atom) to 

the oxygen, and thus the hydroxyl ions are relatively easy to be 

detached (Xue et al., 2009). 

On the other hand, adsorption of phosphorus to the surface of 

slag needs lower, neutral to acidic, pH levels. Phosphorus 

adsorption to metal oxide surfaces decreases with increasing pH 

(Bowden et al., 2009). The higher negative charges on the surface 

of slag induced by higher pH conditions could be an explanation for 

the lower phosphorus sorption capacity. Mostly, phosphorus exists 

in solution as orthophosphate (PO4
3-) such that negative charges on 

the surface of slag will exert a repulsion force to phosphorus 
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compounds. Besides, the increase of hydroxide ions in the solution 

could lead to the formation of an additional charged layer, making 

the slag surface being a comparable lower affinity to phosphate and 

hydroxide ions competes strongly with phosphate for active 

adsorption sites (Xue et al., 2009). Regarding the capacity to 

increase the pH of the solution by slag, adopting adsorption only for 

phosphorus removal requires neutralization pretreatment such as 

acid washing. 

Since the exact adsorption mechanisms are not clear, it is not 

easy to clarify and quantify the complete phosphorus removal 

mechanism of phosphorus removal technologies using slag. 

However, according to the pH dependence of each mechanism, 

chemical precipitation and coagulation in high pH conditions and 

adsorption in low pH conditions has a dominant role in phosphorus 

removal using slag (Bowden et al., 2009). Each mechanism is also 

responsible to some extent in unfavorable conditions. The 

phosphorus removal process using slag should be designed with the 

complete understanding of the removal mechanism and wastewater 

characteristics. Adjustment of the process used and optimization of 

operating conditions should be preceded before introducing slag in 

wastewater treatment plants to achieve the best efficiency. 
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3. Materials and methods 

 

3.1 Materials 

 

3.1.1 Slag samples 

 

Ladle furnace slag (LF slag) was used for all the experiments in 

this study. All slag was sampled at once from Dongbu steel, 

Chungcheongnam-do, South Korea. Slag was crushed, ground, and 

classified into four ranges of particle size: 0.5-1 mm, 1-2 mm, 2-4 

mm, and 4-6 mm. Slags with particle sizes less than 4 mm were 

used for the column test, and slags with particle sizes bigger than 4 

mm were used for the batch test. The sorting process required a 

jaw crusher, rod mill, and sieving machine. All processes were 

conducted mechanically; no chemical treatment or reaction was 

applied. After the process, slag samples were kept in a zipped 

plastic bag, to minimize potential reaction with the reactive 

constituents of the atmosphere, such as oxygen. 
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Figure 1. Slag samples after classification 
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3.1.2 Water samples 

 

The batch test was conducted using distilled water as a control 

condition to clarify various factors. All distilled water was produced 

in the laboratory using a water purifier, directly before the 

experiment. 

The column test used wastewater collected from the 

wastewater treatment plant in Suwon, South Korea. The samples 

were collected from the sludge treatment tank marked in Figure 2. 

Flow-back water from the sludge treatment process was chosen 

due to the high concentration of phosphorus in the wastewater such 

that the process that will be studied in this paper can facilitate the 

reduction of a load of phosphorus for whole processes in a 

wastewater treatment plant. Flow-back water from the sludge 

treatment is produced by squeezing the exhausted sludge in order 

to obtain solid sludge, which will be disposed in the process. 

Therefore, substances in the extracted water from the exhausted 

sludge were highly enriched.  

All the wastewater samples were collected on the same day to 

minimize the variations from the sampling period. The samples were 

sealed twice and stored in a refrigerator below 4°C to prevent 

contamination or decomposition. To minimize the variation of 

phosphorus concentration among samples, all samples were mixed 

to create a concentration of approximately 250 mg /L- PO4.  
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3.2 Coating process 

 

A sodium hydroxide coating was applied on the surface of the 

slag whose particle sizes were 2-4 mm for the column test and 4-

6 mm for the batch test to observe the improvement due to coating 

compared with smaller or uncoated slags.  

The coating process was slightly adjusted from the study of 

Zhang and Itoh (2005), who published results of coated slag to 

prevent adsorption on the surface of slag in arsenic removal. Firstly, 

the slag was dried at 105°C for pre-treatment. Then the slag was 

magnetically stirred in 1 M sodium hydroxide solution in a beaker 

for 2 hours. The ratio of slag and solution was 500g slag /L sodium 

hydroxide. The solution was aged at 80°C for 48 hours and filtered. 

The slurry after filtration was heated at 105°C for 2 hours and at 

550°C for 1 hour. After heating, the coated slag was cooled down 

and broken to separate it into pieces, then it was dried at 105°C 

for 24 hours. Figure 1 shows the slag of each size as well as the 

coated slag. 

 

3.3 Batch test 

 

The batch test was used to uncover the critical factors for slag 

exhaustion during phosphorus removal. To observe leaching, 5 g of 

slag was put into 500ml of distilled water. The particle size range of 

4-6 mm slag was used in the batch test.  



 

 21

In the batch test, factors related to a chemical reaction such as 

precipitation and coagulation were checked. Thus, the ideal pH in 

the batch test was set to 10.5, which provided the best condition to 

form hydroxyapatite, one of the formed minerals during phosphorus 

removal with calcium.  

The batch test was conducted as a repetitive leaching test of 

slag. The slag was put in a 1 L beaker that contained 500 ml of 

distilled water, and the solution was stirred with jar tester at a 

speed of 100 rpm. The test was conducted as an open system 

which means the slag had contact with the atmosphere. A pH meter 

was placed into the solution to check the pH of the solution. The 

time needed to reach a pH of 10.5 was recorded, and distilled water 

in the beaker was then be replaced by fresh distilled water, while 

the slag was kept. The solution was sampled and filtered with 0.45 

μm filter for cation analysis before replacing with distilled water. 

The same process had been repeated till the slag could not increase 

the pH of the solution till 10.5 in an hour.  

The same process with coated slag whose size range is 4-6 

mm was conducted and analyzed to compare with the results of 

uncoated slag data. 

 

3.4 Column test 

 

Based on the result of the batch test, a scaled-up column test 

was conducted for practical application and demonstration. The 
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column was made to scale up from the batch test. The shape and 

size of the column are described in Figure 3. Wastewater samples 

collected from Suwon was fed to the column to test the changes of 

each factor and the phosphorus removal efficiency.  

200 ml of slag was poured into the column. Wastewater samples 

were fed by a pump upward from the bottom of the column through 

the slag at a pump speed of 25 rpm so that 8 L of wastewater 

sample could pass the column per hour. The sample for analysis 

collected 400 ml after a specific volume of wastewater passed the 

column.  

The collected samples were measured for pH and conductivity 

first, and then they were filtered using 0.45μm filter for the 

phosphorus and cations analysis. After the whole process of the 

column test was completed, the exhausted slag and precipitation (in 

case precipitates dominantly occurred) were collected for surface 

analysis using XRD, SEM-EDS. 

Slags of different particle sizes were applied to the column test 

to show the effect of size and coating: 0.5-1 mm, 1-2 mm, 2-4 

mm, and coated 2-4 mm.  
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Figure 3. Shape and size of column used in the column test 
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3.5 Analytical apparatus 

 

The measurement of pH and conductivity was carried out by 

Orion STAR A329 multi-meter from Thermo Scientific. Each 

electrode for pH and conductivity was calibrated before the 

experiment.  

Phosphorus analysis was done using the method from HACH. 

Colorimeter model DR900 and heating block model DRB200 Reactor 

(Digital Reactor Block 200, HACH) were used to measure the 

concentration of phosphorus. The procedure used for the method 

followed PhosVer 3 with Acid Persulfate digestion method (Method 

8190 provided by HACH) which contains a digestion and 

spectrometric analysis. 

The cation analysis was conducted using ICP-OES model 

Perkin Elmer ICP-OES 8300. XRD model Bruker D8 DISCOVER 

and SEM-EDS model JSM-6700F were used for surface analysis. 

Every data of phosphorus and cation analysis were measured at 

least three times and averaged. 

 

 



 

 25

4. Results 

 

4.1 Batch test 

 

4.1.1 Uncoated slag 

 

The batch test in a distilled water solution showed the tendency 

of cations and hydroxide ions. The result and the plot of data from 

the batch test with uncoated slag are shown in Table 1 and Figure 4. 

Significant cation leaching was only observed in calcium and 

aluminum. An infinitesimal amount of iron and magnesium were 

detected but were regarded as less important. The change of the 

solution pH to the basic range (i.e., around 10.5) was observed 

throughout the repetitions as expected. The time longer than 60 

minutes was regarded impractical according to the hydraulic 

retention time of the commercial wastewater treatment process. 

Therefore, the range of time in Table 1 is less than 60 minutes. 

Moreover, the repetitions that took longer than 60 minutes were 

mostly not able to reach pH 10.5. 
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Table 1. Data of batch test with uncoated slag 

 First set Second set 

Repetitions Time 

(mins) 

Al 

(mg/L) 

Ca 

(mg/L) 

Time 

(mins)  

Al 

(mg/L) 

Ca 

(mg/L) 

1 2 0.282 6.102 2 0.235 6.110 

2 7 0.697 5.364 7 0.770 6.540 

3 19 1.864 7.002 21 2.391 9.336 

4 29 3.127 9.220 30 4.131 10.90 

5 29 9.778 10.06 30 4.537 10.97 

6 34 4.769 11.22 28 5.193 11.82 

7 34 4.916 10.97 35 6.685 15.05 

8 34 5.260 11.45 32 6.351 14.03 

9 38 6.197 12.93 30 5.505 11.84 

10 39 5.929 13.06 31 5.807 12.92 

11 44 6.841 15.04 40 6.618 14.81 

12 49 7.003 15.41 42 7.095 15.70 

13 56 7.726 16.50 43 6.536 14.57 

14 56 6.797 14.75 56 8.077 17.44 
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Figure 4. Plots of the batch test data with uncoated slag 
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Figure 4 indicates that calcium and aluminum had been 

dissolved proportionally with time. This result suggests an 

opposition against the assumption that over leaching of cations in 

the early stages makes the lifespan of slag shorter. However, when 

the time needed to reach a pH of 10.5 exceeded 60 minutes, 

decreased cation dissolution was observed by the decreased 

gradient of concentration in Figure 5. The decline of dissolution was 

caused by slag exhaustion. 

 

 

 

Figure 5. Dissolution gradient changes of cations leaching from the 

batch test with uncoated slag in long term range 
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Unlike leaching kinetics of cations, Table 1 shows that the time 

to reach a pH of 10.5 increased significantly. In other words, 

dissolution of hydroxide ions decreased with time which means the 

deterioration of the phosphorus removal efficiency could be 

attributed to the decrease of solution pH rather than low 

concentration of cations.  

In conclusion, 5 g of slag can make 7 L of distilled water change 

to a pH of 10.5, Afterwards, cation dissolution became slower and 

the pH of the solution barely reached 10.5. The factor dominating 

the early stage changes is pH. According to the result, sodium 

hydroxide coating was selected to improve the process. 

 

4.1.2 Coated slag 

 

The same process was applied to the batch test with coated 

slag. Because a sodium hydroxide solution was used for the coating, 

aluminum that reacts actively with sodium hydroxide leached out 

during the coating process. Thus, the concentration of aluminum 

was higher in the sodium hydroxide solution after the coating 

process, whereas, the concentration of calcium was lower than 1 

mg/L.  

The result and the plot of data from the batch test with 

uncoated slag are shown in Table 2 and Figure 6. Similar to the 

uncoated slag, calcium and aluminum were the main elements in the 

leachate, and magnesium and iron were trace elements. 
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Table 2. Data of batch test with the coated slag 

 First set Second set 

Repetitions Time 

(mins) 

Al 

(mg/L) 

Ca 

(mg/L) 

Time 

(mins)  

Al 

(mg/L) 

Ca 

(mg/L) 

1 0.5 4.740 1.380 0.5 10.90 1.748 

2 0.5 6.066 1.540 1 10.66 1.982 

3 0.5 2.995 3.084 2 4.593 3.074 

4 2 2.690 5.094 4 3.534 3.546 

5 6 2.430 5.509 5 3.257 4.192 

6 9 2.513 6.274 9 3.322 5.409 

7 13 3.057 8.380 9 2.942 5.453 

8 16 2.796 8.131 12 3.064 6.223 

9 24 3.421 10.18 13 2.891 6.450 

10 24 3.329 10.00 18 3.214 4.469 

11 33 4.096 11.98 19 3.115 7.468 

12 35 4.096 11.73 21 3.287 8.194 

13 32 5.749 15.89 27 3.836 9.760 

14 45 6.150 16.30 30 4.067 10.56 

15 45   35 4.171 11.23 

16 74   39 4.608 12.31 

17 72   41 4.763 13.28 

18    45 4.475 13.59 

19    48 4.941 14.80 

20    60 6.146 16.73 
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4.2 Column test 

 

 

 

 

 

Figure 6. Plots of the batch test data with the coated slag 
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The tendency of the data with the coated slag for the cation 

dissolution and pH change is similar to the result with uncoated slag. 

Figure 6 shows a proportional increase of cation dissolution with 

time. A high concentration of aluminum in the initial stage came 

from residual aluminum dissolved by sodium hydroxide from the 

coating process. Because of early leaching, the overall 

concentration level of aluminum in the solution with the coated slag 

was relatively lower in later stages than uncoated slag. At the same 

time, the time needed to reach a pH of 10.5 became longer in Table 

2.  

The remarkable difference is seen in the repetitions. Uncoated 

slag was capable of 14 repetitions, whereas coated slag with sodium 

hydroxide coating improved to 17 to 20 repetitions. This result 

shows that 9 to 10 L of distilled water could reach a pH of 10.5 with 

5 g of coated slag. The volume of distilled water increased by 30% 

compared to the uncoated slag. This result indicates that the period 

that slag provides hydroxide ions to the solution was prolonged by 

the sodium hydroxide coating. Since, hydroxide ions, or the pH of 

the solution, play an important role in phosphorus removal, the 

batch test results demonstrate that the sodium hydroxide coating 

can increase the period that the solution can stay in the high pH 

range as well as the ability of slag to remove phosphorus. 
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4.2 Column test 

 

Wastewater samples were mixed to obtain minimum phosphorus 

concentration variation between samples. All samples used in the 

column test have the range of pH values from 6.26 to 6.35, which is 

the typical neutral range of wastewater. Conductivities of all 

samples were in the range of 1.963 to 2.000 mS/cm. Phosphorus 

concentrations varied from 239 to 268 PO4-mg/L. Table 3 contains 

complete data of each of the wastewater samples. 

 

Table 3 pH, conductivity, and phosphorus concentration of 

wastewater samples 

Slag type pH 
Conductivity 

(mS/cm) 

Phosphorus 

(PO4-mg/L) 

0.5 - 1mm uncoated 6.35 1.999 268 

1 - 2 mm uncoated 6.29 1.963 257 

2 - 4 mm uncoated 6.26 2.000 263 

2 - 4 mm coated 6.28 1.964 239 

 

The data from the column test was obtained in terms of 

multiples of the bed volume of slag (200 ml). The base of choosing 

the period of collecting samples was every 25 bed volumes. In the 

early stages, the trends of the data were relatively drastic; 

therefore, specific collection points were allocated additionally. 8 

and 16 bed volumes between 0 and 25 bed volumes and 37.5 bed 
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volumes between 25 to 50 bed volumes were allocated respectively.  

Data were obtained by 100 bed volumes so that every column 

showed a pH value lower than 7 and the phosphorus removal 

efficiency lower than 10%. In the case of 2 – 4 mm uncoated slag, 

pH and phosphorus removal efficiency decreased in the early stages. 

Thus, data were obtained by 50 bed volumes. The phosphorus 

removal efficiency of each point was measured as well as pH and 

conductivity. Table 4-7 shows each data set and Figure 7-10 

represents in the graph. 
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Table 4. pH, conductivity, and phosphorus removal efficiency data 

from column test using uncoated slag (0.5 – 1 mm) 

Bed volume pH 
Conductivity 

(mS/cm) 

Phosphorus removal 

efficiency (%) 

0 12.05 3.561 98.1 

8 9.99 1.759 97.8 

16 8.88 1.976 91.0 

25 7.57 2.135 42.2 

37.5 7.21 2.147 26.1 

50 7.13 2.161 20.1 

75 7.07 2.184 8.6 

100 7.01 2.170 6.3 

 

 

Figure 7. Graph containing pH, conductivity, and phosphorus removal 

efficiency data from column test using uncoated slag (0.5 – 1 mm) 

 



 

 36

 

Table 5. pH, conductivity, and phosphorus removal efficiency data 

from column test using uncoated slag (1 – 2 mm) 

Bed volume pH 
Conductivity 

(mS/cm) 

Phosphorus removal 

efficiency (%) 

0 11.82 2.759 96.9 

8 9.69 1.742 97.7 

16 8.51 1.938 82.5 

25 7.37 2.073 31.5 

37.5 7.05 2.070 18.3 

50 6.93 2.069 14.0 

75 6.81 2.060 10.5 

100 6.78 2.059 4.3 

 

 

Figure 8. Graph containing pH, conductivity, and phosphorus removal 

efficiency data from column test using uncoated slag (1 – 2 mm) 
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Table 6. pH, conductivity, and phosphorus removal efficiency data 

from column test using uncoated slag (2 – 4 mm) 

Bed volume pH 
Conductivity 

(mS/cm) 

Phosphorus removal 

efficiency (%) 

0 9.41 1.787 96.6 

8 7.28 2.075 22.1 

16 6.97 2.076 16.3 

25 6.84 2.074 11.4 

37.5 6.82 2.059 8.7 

50 6.76 2.062 5.3 

 

 

Figure 9. Graph containing pH, conductivity, and phosphorus removal 

efficiency data from column test using uncoated slag (2 – 4 mm) 
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Table 7. pH, conductivity, and phosphorus removal efficiency data 

from column test using the coated slag (2 – 4 mm) 

Bed volume pH 
Conductivity 

(mS/cm) 

Phosphorus removal 

efficiency (%) 

0 12.03 7.202 92.9 

8 10.28 2.504 97.5 

16 9.34 1.931 92.9 

25 8.29 2.008 58.6 

37.5 7.67 2.066 42.7 

50 7.27 2.059 28.0 

75 6.99 2.026 20.5 

100 6.92 2.017 19.2 

 

 

Figure 10. Graph containing pH, conductivity, and phosphorus 

removal efficiency data from column test using the coated slag (2 – 4 

mm) 
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The overall tendency throughout all three data sets from the 

columns using uncoated slag indicates that finer slag achieved 

higher phosphorus removal longer. Higher conductivity and pH were 

more dominant in the column using finer slag because of cations and 

hydroxide ions from the larger surface area. The pH and 

conductivity at 0 bed volume in 0.5 – 1 mm slag showed 12.05 and 

3.561 mS/cm; at the same time, 2 – 4 mm slag showed 9.41 and 

1.787 mS/cm. Similarly, all three columns with uncoated slag 

exhibited more than 95% of phosphorus removal efficiency at 0 bed 

volumes. The column using the slag sizes of 0.5 – 1 mm and 1 – 2 

mm maintained 91.0% and 82.5% till 16 bed volumes. However, the 

phosphorus removal efficiency in the column using 2 – 4 mm slag 

dropped to 22.1% at 8 bed volumes. From 25 bed volumes, every 

uncoated sample showed phosphorus removal efficiencies less than 

50%. Generally, pH movement follows phosphorus removal 

efficiency. When pH dropped below 8, the phosphorus removal 

efficiency dropped below 50% in every result. Therefore, the result 

of the batch test showed that the capacity to maintain the pH of the 

solution is an important factor; this was confirmed by the column 

test result as well. 

When the volume of slag was same, the larger surface area of 

finer slag can leach out more cations and hydroxide ions and can 

provide larger adsorption sites for phosphorus. Accordingly, 

phosphorus removal efficiency was higher in fine slag that had a 

better condition for phosphorus removal regarding both the 

adsorption and precipitation-coagulation mechanism.  
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However, the pH value at 0 bed volume of the column using 2-

4 mm coated slag was 12.03, which is 0.02 lower than the 0.5 – 1 

mm uncoated slag. Moreover, the conductivity was 7.202 mS/cm, 

which was more than double the conductivity with the 0.5 – 1 mm 

uncoated slag. The column using 2 – 4 mm coated slag achieved 

higher than 92.9% of phosphorus removal efficiency till 16 bed 

volumes, which is even higher than the result of the 0.5 – 1 mm 

uncoated slag. At 25 bed volumes, coated slag was able to achieve 

more than 50% of phosphorus removal efficiency followed by a less 

drastic decrease of phosphorus removal efficiency till 100 bed 

volumes compared to the results with the other uncoated slag. Also, 

the slower decrease in pH is observed as expected. Furthermore, at 

37.5 bed volumes, the pH dropped below 8, and the phosphorus 

removal efficiency dropped below 50%. The slower decline in the 

phosphorus removal efficiency compared to uncoated slag could be 

the support that coating could prolong the lifespan of slag. The data 

from the column with 2 – 4 mm coated slag represents a remarkable 

improvement compared to uncoated slag, which is even superior to 

the finest slag of the experiment.  

The lower phosphorus removal efficiency at 0 bed volume 

(92.9%) than 8 bed volumes (97.5%) is a unique phenomenon 

compared to the results of uncoated slag. The first effluent from the 

column was expected to achieve the highest phosphorus removal 

efficiency as well as the result with uncoated slag. The phenomenon 

is not well studied yet. However, it can be assumed that slightly 

lower the phosphorus removal efficiency at 0 bed volume using 2-4 
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mm coated slag might be caused by sodium hydroxide coating that 

competes with phosphorus for the active adsorption sites. At the 

early stage of the column test, the sodium hydroxide coating was 

still on the surface, covering fresh slag as well as the adsorption 

sites of the slag. Although the condition for the precipitation to 

remove phosphorus was the best, adsorption was not able to 

sufficiently occur. In contrast, the effluent from 8 bed volumes had 

a worse condition for precipitation regarding pH and concentration 

of calcium, and adsorption began as the coating started to be 

stripped off; therefore, slightly a higher phosphorus removal 

efficiency than the first effluent was possible. The assumption can 

be supported to some extent in the surface analysis section.  

Cation analysis with each column was also performed. Calcium 

ions were still dominant in the column tests as well as the batch test. 

Unlike the batch test, in the column test, aluminum had a low 

concentration (less than 0.1 mg/L). In contrast, magnesium ions 

showed noticeable changes throughout the process. Magnesium ions 

were expected to be introduced from wastewater itself rather than 

from slag. Both aluminum and magnesium were expected to be used 

mainly as coagulants in the form of metal hydroxides at high pH. 

The concentrations of calcium and magnesium in the samples and 

the concentration difference between the samples and original 

wastewater are shown in Table 8-11 and Figure 11-14. The 

concentration difference will give clearer information about cations 

that leach out from the slag without the amount of cations from the 

input wastewater.  
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Table 8. Calcium and magnesium concentration and the difference 

from original wastewater sample from the column test using uncoated 

slag (0.5 - 1 mm) 

 Concentration (mg L) 
Difference from original 

wastewater (mg/L) 

Bed volume Ca Mg Ca Mg 

Original 62.94 39.58 0 0 

0 312.7 0.303 249.76 -39.277 

8 117.1 26.42 54.16 -13.16 

16 83.85 31.77 20.91 -7.81 

25 101.2 36.78 38.26 -2.80 

37.5 111.5 40.04 48.56 0.46 

50 112.5 41.07 49.56 1.49 

75 117.8 41.04 54.86 1.46 

100 114.9 41.52 51.96 1.94 
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(a) 

Figure 11. Calcium and magnesium concentration (a) and the 

difference from original wastewater sample (b) from the column 

test using uncoated slag (0.5 - 1 mm) 



 

 44

 

 

Table 9. Calcium and magnesium concentration and the difference 

from original wastewater sample from the column test using uncoated 

slag (1 - 2 mm) 

 Concentration (mg L) 
Difference from original 

wastewater (mg/L) 

Bed volume Ca Mg Ca Mg 

Original 62.69 38.08 0 0 

0 363.2 0.692 -300.51 -37.39 

8 156.6 22.03 93.91 -16.05 

16 77.51 28.50 14.82 -9.58 

25 92.45 34.36 29.76 -3.72 

37.5 91.38 36.42 28.69 -1.66 

50 87.39 36.16 24.70 -1.92 

75 85.06 36.66 22.37 -1.42 

100 84.51 37.66 21.82 -0.42 
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Figure 12. Calcium and magnesium concentration (a) and the 

difference from original wastewater sample (b) from the column 

test using uncoated slag (1 - 2 mm) 
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Table 10. Calcium and magnesium concentration and the difference 

from original wastewater sample from the column test using uncoated 

slag (2 - 4 mm) 

 Concentration (mg L) 
Difference from original 

wastewater (mg/L) 

Bed volume Ca Mg Ca Mg 

Original 65.82 40.16 0 0 

0 110.8 25.83 44.98 -14.33 

8 97.46 37.38 31.64 -2.78 

16 96.22 39.42 30.40 -0.74 

25 91.33 39.85 25.51 -0.31 

37.5 89.04 39.89 23.22 -0.27 

50 88.91 40.48 23.09 0.32 
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Figure 13. Calcium and magnesium concentration (a) and the 

difference from original wastewater sample (b) from the column 

test using uncoated slag (2 - 4 mm) 
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Table 11. Calcium and magnesium concentration and the difference 

from original wastewater sample from the column test using the 

coated slag (2 - 4 mm) 

 Concentration (mg L) 
Difference from original 

wastewater (mg/L) 

Bed volume Ca Mg Ca Mg 

Original 69.57 41.48 0 0 

0 6.533 0.028 -63.04 -41.45 

8 3.041 4.559 -66.53 -36.92 

16 27.90 20.47 -41.67 -21.01 

25 50.43 30.78 -19.14 -10.70 

37.5 61.20 33.43 -8.37 -8.05 

50 72.21 35.96 2.64 -5.52 

75 74.24 37.05 4.67 -4.43 

100 77.29 37.29 7.72 -4.19 

 

 

 

 

 

 

 

 

 



 

 49

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Calcium and magnesium concentration (a) and the 

difference from original wastewater sample (b) from the column 

test using the coated slag (2 - 4 mm) 
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In the case of the columns using uncoated slag, in every size 

range, concentrations of calcium exhibited decreasing trends as bed 

volumes increased. Concentrations of magnesium increased as bed 

volumes increased. Concentrations of both cations were stabilized 

after 25 bed volumes.  

The declining concentration of calcium can be attributed to the 

fast dissolution from fresh slag in early stages. The columns using 

uncoated slag having a size range of 0.5 – 1 mm and 1 – 2 mm 

showed higher pH values (>8.5) and phosphorus removal 

efficiencies (>80%) until 16 bed volumes accounting for the stiff 

drops of calcium concentration that were induced by consumption of 

calcium for precipitation with phosphorus. The concentration drop in 

the column using 2-4 mm sized uncoated slag was more gradual. 

The phosphorus removal efficiency became lower (22.1%) from 8 

bed volumes since the pH decreased to 7.28. Therefore, less 

calcium was consumed by phosphorus removal. 

Increasing the concentration of magnesium ions could perhaps 

be due to dissolution from the slag. However, the differences with 

the original wastewater feed represent that most of the magnesium 

came from the original wastewater. Magnesium ions were involved 

with coagulation when the pH of the solution was in high ranges 

(greater than 9).  

The column using coated slag exhibited a different trend. In 

Figure 14, concentrations of both cations had relatively lower 

values compared to the data of the uncoated slag. The difference 

plot is below zero till 50 bed volumes in which dissolved cations 
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from the slag and introduced cations from the wastewater were 

mostly consumed in the reaction, especially phosphorus removal. 

Another interesting point is the stabilized level of calcium 

concentration. The results with uncoated slag showed a higher 

concentration of calcium when the level of concentration was 

stabilized: 0.5 – 1 mm is around 110 mg/L, and 1 – 2 mm and 2 – 4 

mm is around 85 to 90 mg/L. However, the result with coated slag 

had a concentration of calcium around 75 mg/L, which is a 

considerable discrepancy even with the result using 2 – 4 mm 

uncoated slag.  

3 to 5 mg/L lower concentrations of magnesium in the samples 

from the column using coated slag compared to uncoated slag were 

measured, supporting the production of magnesium hydroxides for 

coagulation. Magnesium hydroxide at high pH values would be a 

good coagulant (Semerjian and Ayoub, 2001). However, at the low 

pH values, magnesium ions can increase the solubility of calcium 

phosphate deteriorating the removal efficiency of phosphorus 

(Jenkins et al., 1971). Therefore, the high pH generated by coated 

slag would show another advantage by transforming magnesium 

ions to hydroxide, reducing the ill effect of magnesium ions. 

The low concentration of calcium in the column test using 

coated slag indicates that the sodium hydroxide coating successfully 

prevented over-leaching in the early phase as well as overall 

calcium leaching. At the same time, the phosphorus removal 

efficiency surpassed the efficiency of the columns using finer slag. 

Therefore, a cation analysis provided the evidence that sodium 
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hydroxide coating can help to prolong the lifespan of slag. 

However, at 0 bed volume, the aluminum concentration and 

sodium concentration were 700 mg/L and 1600 mg/L respectively. 

The data shows much higher concentration not only compared to 

the other concentration from the samples using uncoated slag, but 

also compared to the concentration after 16 bed volumes with the 

coated slag. Since the aluminum ions that were leached out from the 

slag were used as coagulants or precipitants, the concentration of 

aluminum in the other results was lower (approximately 0.1mg/L). 

However, at the initial stages, the aluminum ions were still easily 

able to be leached out because of the sodium hydroxide coating, 

which is mostly reactive with aluminum ions. Therefore, even 

though a lot of aluminum was used during phosphorus removal at 

the initial stages, a high concentration of aluminum was detected in 

the effluent. 

Accordingly, the sodium concentration in samples collected 

from the column using the coated slag showed at least a 1.5 to 2 

fold concentration of sodium compared to the concentration from 

the samples using uncoated slag, whereas aluminum ions decreased 

to less than 1 mg/L. The high concentrations of two cations were 

required to be handled because of possible problems in the other 

wastewater treatment process.  
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4.3 Slag surface and sediments analysis 

 

After conducting the column test, every column contained 

precipitation; coated slag especially produced a lot of precipitates. 

To determine the component and status of materials, the slags from 

all size ranges were analyzed after running a column test using XRD 

and SEM-EDS. The precipitation from the column using the coated 

slag was collected and analyzed as well due to the production of 

massive precipitation inside the column.  

SEM images in Figure 15 show the difference between the 

surface from fresh and exhausted slag after the column test. Figure 

15 (A) and Figure 15 (B) are the surfaces of uncoated slag (0.5 – 1 

mm). Figure 15 (A) contains fresh slag surface before the column 

test, and Figure 15 (B) contains exhausted slag surface after the 

column test. Figure 15 (C) and Figure 15 (D) show the surface of 

coated slag (2 – 4 mm). Figure 15 (C) shows the fresh coated slag 

surface before the column test, and Figure 15 (D) shows the 

exhausted coated slag surface after the column test as well 
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Figure 15 (B) and Figure 15 (D) show that the surface is more 

complex than fresh slags after wastewater passed through. In 

Figure 15 (D), the structures as rods or accumulated layers marked 

with yellow circles were present particularly after the column test. 

EDS data were also acquired, indicating that phosphorus content on 

the surfaces of uncoated and coated slag increased from less than 

1% to 3~5% after the column test. The EDS result implied 

phosphorus precipitation and adsorption had occurred on the 

surface of slag. 

Furthermore, on the surface of the coated slag, sodium content 

decreased from 5% to 3% after the column test. The sodium 

content of fresh uncoated slag was lower than 0.02%. The change 

of sodium content showed that coating was applied properly and 

stripped off during the process.  

In the SEM image of the exhausted coated slag, a particular 

structure, illustrated in Figure 16 (B), appeared on the surface. 

Figure 16 (A) represents a SEM image from Bowden et al. (2009) 

that describes growing calcium phosphate suggested by EDS and 

XRD as octa calcium phosphate [Ca8H2(PO4)65H2O] and 

hydroxyapatite growth on the surface of slag. Figure 16 (B) also 

shows the similar agglomeration of spherical structures on the 

surface suspected as calcium phosphate, although the particle size 

was much smaller than image A. Bowden et al. (2009) utilized slag 

for a long-term phosphorus removal; accordingly, they obtained 

Figure 16 (A) after 12 months of treatment. Thus, the particle size 

is 20 times larger in Figure 16 (A) than Figure 16 (B), since a 
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longer time for growth was provided for the particles in Figure 16 

(A). However, Figure 16 shows the potential of mineral 

crystallization on the surface of coated slag as well as possible 

mineral recovery with the process. 

 

 

 

 

 

 

 

 

 

 

 

XRD data also supports the presence of calcium phosphate or 

possible phosphate compound with magnesium hydroxide and 

aluminum hydroxide. Calcium hydroxide with simultaneous 

aluminum and magnesium hydroxide coagulation takes a high 

portion of phosphorus removed by precipitation-coagulation in high 

pH (Jenkins et al., 1971). In Figure 17, surfaces of both coated and 

uncoated slag show calcium hydroxide and hydroxyapatite. In 

Figure 17 (A), the graph of the coated slag has a higher apatite 

peak than in Figure 17 (B), which is the graph of the uncoated slag. 

Furthermore, magnesium hydroxide and aluminum hydroxide were 

detected, which were produced by coagulation. 

A B 

Figure 16. Agglomeration of calcium phosphate observed by 

Bowden et al. (2009) (A) and SEM images of particles on the 

surface of the coated slag (B) 
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Figure 17. XRD result of coated slag (2 - 4 mm) (A) and 

uncoated slag (0.5 - 1 mm) (B); AH – peak of aluminum 

hydroxide (Al(OH)3), CH – peak of calcium hydroxide 

(Ca(OH)2), HA – peak of hydroxyapatite, MH – peak of 

magnesium hydroxide (Mg(OH)2) 
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The massive amount of precipitates produced in the column 

using the coated slag was also analyzed by EDS and XRD. Unlike 

the XRD result of slag surfaces, the results from the precipitates 

show an amorphous (not crystallized) structure. However, the 

phosphorus content of the precipitates in the EDS result was much 

higher. When the phosphorus removal efficiency was higher in the 

early stages, the phosphorus content in EDS result was up to 15%, 

followed by 5% of phosphorus content after 25 bed volumes. The 

phosphorus content of the precipitates was higher than the 

phosphorus content from the exhausted slag surfaces that had 3 to 

5 %.  

XRD and EDS data of the precipitates indicated that the column 

using coated slag was able to remove phosphorus by not only 

adsorption or crystallization on the surface of slag but also by 

coagulated or flocculated amorphous precipitation. Massive 

production of amorphous precipitates is a peculiar phenomenon in 

the column using the coated slag compared to the columns using 

uncoated slag.  
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5. Discussion 

 

5.1 Enhanced removal mechanism by coating 

 

The removal mechanism of phosphorus in the study was 

reinforced by the sodium hydroxide coating. Basically, except 

adsorption, calcium phosphate precipitates are mainly formed and 

coagulated by various coagulants. When a sodium hydroxide coating 

is applied, hydroxide ions, aluminum from slag, and sodium ions are 

provided to the solution more. Therefore, each substance helps to 

enhance precipitation-coagulation mechanism. First of all, 

hydroxide ions maintain the solution in the high pH condition for a 

longer period of time. As shown in the result of the column tests, 

pH had a significant role for the phosphorus removal efficiency. 

Secondly, aluminum acted as a coagulant. Aluminum ions are a good 

quality coagulant, generally used in wastewater treatment. In high 

pH, aluminum hydroxide is formed and promotes coagulation as well. 

Thirdly, sodium ions are not involved in the reaction directly. 

However, the high concentrated electrolyte will destabilize the 

solution and promote coagulation.  

The effect of each substance from the coating is well described 

throughout the results. The effect of hydroxide ions is described in 

the removal efficiency graph, the effect of aluminum is described in 

the ICP-OES and XRD graphs, and the effect of sodium is shown in 

conductivity graph and EDS data. Therefore, the sodium hydroxide 
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coating applied in this study successfully enhanced the 

precipitation-coagulation mechanism when slag was used for 

phosphorus removal. 

 

5.2 Generation of large precipitates 

 

The reason that the large precipitates were formed only with 

the coated slag is elucidated by DLVO theory. Doubled conductivity 

implies that in the coated slag, sodium ions as well as cations 

(especially aluminum by sodium hydroxide) were dissolved into the 

solution, causing extra ionic concentration as shown in the 

conductivity data. The system is then destabilized by increase in 

electrolyte concentration (Shaw, 1992). The easily coagulated 

system was made by a higher ionic concentration. Furthermore, 

aluminum hydroxides and magnesium hydroxides in the higher pH 

range were able to coagulate more phosphate precipitates. 

Moreover, the impurities inside the wastewater were involved in the 

flocculation, producing much larger precipitates in the column using 

the coated slag. Therefore, the additional phosphorus removal 

achieved by coagulation and a large amount of precipitates were 

produced in the early stage, followed by the stages containing 1.5 to 

2 fold sodium concentration compared to the columns with uncoated 

slag.  
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5.3 Return process of highly concentrated water 

 

Effluent coming out of the column using the coated slag from 0 

bed volumes to 8 bed volumes showed high conductivity that 

represents a high concentration of ions in the solution. The sample 

of 0 bed volume was measured to have around the double 

conductivity compared to other samples such that the high salinity 

of wastewater can cause potential problems to the microorganisms 

in biological reactors. To solve the salinity problem, experiments 

applying a return process were suggested.  

Since the effluent at the initial stage shows a high pH range as 

well as high conductivity, the utilization of the initial effluents 

containing a high concentration of cations as aluminum and 

hydroxide ions can lead to the better efficiency. By returning the 

initial effluents to the original wastewater that will be fed to the 

column, additional removal of phosphorus was expected by calcium 

precipitations and coagulation by sodium ions and aluminum 

hydroxides. To determine the optimal volume to return, three 

volumes were set: 4 bed volumes, 8 bed volumes, and 12 bed 

volumes. The certain amount of volume out of the column was 

collected and returned to the original wastewater. The data was 

measured and collected by the same way with previous experiments 
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Figure 18. Graph containing pH, conductivity, and phosphorus 

removal efficiency data from the column test returning 4 bed 

volumes using the coated slag (2 – 4 mm) 

Figure 19. Graph containing pH, conductivity, and phosphorus 

removal efficiency data from the column test returning 8 bed 

volumes using the coated slag (2 – 4 mm) 
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As shown in Figures 18 to 20, overall efficiencies of 

phosphorus removal became noticeably improved, i.e., higher than 

50% until 150 bed volumes. At the same time, the measured 

conductivity values after the bed volume that were returned to the 

original wastewater had remained stable till the end of the column 

test in every set. Concentrations of the sodium and aluminum ions 

showed the same tendency after returning the collected effluent. 

The original wastewaters remained stable in terms of 

conductivity as well showing within a 10% increase from the 

conductivity of the wastewater before returning the collected 

effluent. In contrast, the measured pH of the original wastewater 

increased-5.89 to 6.4, 5.95 to 6.62, and 5.99 to 6.73-after the 

Figure 20. Graph containing pH, conductivity, and phosphorus 

removal efficiency data from the column test returning 12 bed 

volumes using the coated slag (2 – 4 mm) 
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collected water was poured into the original wastewater. However, 

pH values were much higher than the values calculated by dilution. 

The data lower than the calculation imply that the hydroxide ions 

returned to the original wastewater had been used as a calcium 

precipitation or metal hydroxide generation that helped to remove 

phosphorus in the original wastewater. Consequently, the 

phosphorus concentrations in the original wastewater were also 

decreased after returning the collected effluent: 49, 70, and 85 

mg/L of phosphorus removal in the 4 bed volumes, 8 bed volumes, 

and 16 bed volumes respectively.  

A higher phosphorus removal and a higher pH increase in the 

original wastewater were observed when a higher volume of 

effluent was returned. However, the optimal volume to be returned 

should not be chosen as the highest volume. The return of the 

treated wastewater out of the treatment could lead to the 

retreatment of the treated wastewater. Accordingly, the return 

process with 12 bed volumes should treat 8 bed volumes of 

wastewater more than the return process with 4 bed volumes. 

Regarding the conductivity and overall phosphorus removal 

efficiencies, the returning process with 8 bed volumes and 12 bed 

volumes represented better performances than with 4 bed volumes. 

Therefore, the returning process with 8 bed volumes was supposed 

as the best proposal in this condition. By applying the returning 

process, the improvement of phosphorus removal and the reduction 

of conductivity can be accomplished with a single procedure. 
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5.4 Further studies 

 

A number of uncertainties remain in this research. First of all, 

unlike pure chemicals, the dissolution of slag was not always 

uniform. Furthermore, using wastewater from the wastewater 

treatment plant affected many factors such as compositional 

variation by time, reproducibility, and concentration of elements. 

The experiment with the slag and real wastewater can provide 

practical data; however, magnified errors will be also generated. To 

minimize the errors, a batch test with synthesized wastewater 

should be conducted to clarify the mechanism of phosphorus 

removal by slag and to better understand the process. To maximize 

applicability to the industrial scale, a pilot scale study should be 

required in the near future. 

An additional analysis of the sediments produced by 

precipitation and coagulation should also be conducted. The 

sediments are an unidentified and amorphous complex of various 

contaminants and chemicals. However, learning about the sediments 

will give much more information about the mechanisms related to 

the precipitation coagulation process to remove phosphorus using 

slag.  

Optimization of the process including factors and conditions for 

the best operation should be conducted for the application. For 

example, mixing certain ratio of coated slag with uncoated slag can 

reduce coating cost and maintain removal efficiency. However, to 
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facilitate this idea, considerable research must be conducted. With 

all the experimental data, final application to the industrial scale 

should be evaluated. 

Although improvement has been accomplished by using a 

sodium hydroxide coating on the surface of slag, there are several 

problems that need to be solved because of the application of 

sodium hydroxide. First of all, the sodium concentration of the 

wastewater after passing the coated slag was increased 1.5 to 2 

fold than usual wastewater. The possible consequences or problems 

of the excess sodium concentration should be studied and improved. 

As a solution of the high sodium concentration, the effect of sludge 

reduction by sodium hydroxide could be studied. Several studies 

suggested using sodium hydroxide to reduce the amount of sludge 

from biological reactors. Since the process can be used to the 

wastewater from the sludge treatment process, excess sodium 

might be applied to the sludge reduction as well.  

Secondly, the application of a return process in a continuous 

process should be demonstrated. The return process in this study 

did not consider the introduction of fresh wastewater during the 

return process. However, in a practical manner, fresh wastewater 

will be introduced continuously. In this case, practical approaches 

such as partial return of the effluent should be considered for the 

return process.  

Thirdly, the concentrated solution produced from the coating 

process can be utilized. The solution shows high pH values with 

high concentrations of aluminum ions such that the solution can 
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provide aluminum hydroxide, which is a good coagulant. Moreover, 

phosphate precipitates can be promoted using the solution from the 

coating process by aluminum and hydroxide ions. Since the solution 

was highly concentrated by the heating process during coating, a 

small volume of the solution might be able to improve phosphorus 

removal.  

The usage of exhausted slag should be considered for waste 

reduction. Mostly, slag was regarded as industrial waste; therefore, 

recycling of slag seems to be optional. However, if the slag after 

the process can be recycled, the waste from the process would be 

reduced significantly. As an alternative approach to recycle slag, 

mineral carbonation could be suggested for carbon storage. A large 

amount of calcium in slag can be utilized as a calcium source for 

mineral carbonation. Even though, calcium ions were used for 

phosphorus removal, fine slag through grinding can provide enough 

calcium for mineral carbonation. At the same time, pH raising 

capacity of slag was all exhausted by the phosphorus removal 

making easier leaching of calcium ions by acid. In addition to the 

application as a mineral carbonation, exhausted slag can be used as 

road paving materials or aggregates for construction. 
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6. Conclusion 

 

A sodium hydroxide coating applied on steel slag can enhance 

the precipitation-coagulation mechanism for phosphorus removal. A 

batch test showed that maintaining a high pH would be the critical 

factor in phosphorus removal using slag. The coated slag shows 

improved ability to maintain a high pH. Column tests assure that 

removal efficiency of the coated slag is superior to the finest 

uncoated slag. Also cations and surface analyses support that the 

coating enhances the precipitation-coagulation mechanism. The 

problem of excess aluminum and sodium does occur; however, the 

return process is suggested as a solution and shows that recycling 

of aluminum and sodium can reduce the concern as well as prolong 

the lifespan of slag. Therefore, the demonstration of a sodium 

hydroxide coated slag for phosphorus removal has been 

successfully conducted.   
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인  필 인 원소이지만, 자연 계 내  과량  인  부 양 를 

야 하고, 이는 질  하  같  여러 가지 경 를 한다. 

에 인  거하  한 다양한 들이 개 었다. 슬래그를 

사용하는 것  인 거에 사용 는 신 이다. 칼슘, 알루미늄, 

소 회를 포함하고 있는 슬래그는 집-침   이용하여 인  

거할  있다.  산  나트륨  인  집-침 에 좋  경  

공하  에 집-침   이용한 인 거에 도움이  것  

상 다. 

슬래그를 고갈시키는 주요 요인  규명하  해 증 를 사용한 

 실험  행하 다. 이후, 산  나트륨  한 슬래그  

용 가능  평가하  해 실  하 를 사용한 컬럼 실험  

진행하 다.  실험  결과는 슬래그가 용액  pH를 높일  있는 

능 이 시간이 지날  감소 는 것  보여주었다. 하지만, 침 에 

사용 는 양이 들  시간이 지나도 지속  용출 는 것이 

인 었다. 산  나트륨  한 슬래그는 이 없는 슬래그에 

해 42% 많  양   목  pH 지 높일  있었다. 

컬럼 실험에 는 작  입자 크 를 가진 슬래그일  높  인 거 

효  나타내었다. pH가 8  떨어지면 인 거  격하게 

감소했다. 면, 산  나트륨   슬래그는 이 없고 

입자가  작  슬래그에 해 pH를  래 지할  있었다. 라  

일  시 가 지나면 (16 bed volume 이후) 입자 크 가 굵 라도 

 슬래그가  좋  인 거 효  나타냈다. 한, 산  

나트륨 에 해 공  알루미늄과 나트륨 이 들   인 

침  집  진했다. XRD  SEM-EDS를 사용한 면 분  

Calcium phosphate  산  알루미늄과 같  질들이 슬래그 면에 

었  보여주었다. 

하지만 산  나트륨   슬래그에 해 처리  하 는 
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알루미늄과 나트륨  농도가 높아  이차 인 경 가 우 었다. 

라 , 이러한 를 해결하  해, 과량  알루미늄과 나트륨  

재 용하  한 return process가 안 었다. 컬럼  통과하여 높  

농도  알루미늄과 나트륨  포함한  하 를 다시 처리  

하  송하는 식  고안 었다. 그 결과, 알루미늄과 나트륨  

농도는 감소하 고, 인 거  컬럼 실험이 끝날 지 50% 이상  

지하 다. 이는 슬래그  명이 연장 었  미한다. 라  이 

논 에 는 산  나트륨   슬래그가 효 인 인 거 

공 에 사용   있  보여주었다. 

 

주요어 : 인, 하 , 슬래그, 산  나트륨, 침 , 집 
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