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Abstract 
Wastewaters containing phosphorus and nitric acid are produced during bio-
logical treatment processes. In this study, a material for treating such waste-
waters was developed. Foamed glass was produced from waste glass and then 
heated with iron sulfate to prepare an adsorbent for phosphorus and carrier 
for reducing nitric acid. The adsorbent performance was evaluated in batch 
and continuous experiments. The saturated adsorption amount of phosphate 
was 6.23 mg/g for the product obtained from glass of size 3 to 12 mm; the 
amount adsorbed was relatively high, in spite of the large glass size. The deni-
trification by reduction of nitrate was around 25%. 
 

Keywords 
Foamed Waste Glass, Iron Loaded, Adsorbent, Phosphorus Recovery,  
Continuous Column Experiment 

 

1. Introduction 

Phosphorus in wastes such as domestic and industrial wastewaters, and livestock 
excrement can cause water pollution and eutrophication of water systems. This 
problem is dealt with by legislation covering areas such as water pollution con-
trol and special measures regarding lake water quality conservation, and setting 
emission standards for phosphate. In closed waters such as lakes, phosphorus 
accumulation and eutrophication are increasing. Phosphorus ores will be ex-
hausted in about 80 years [1]. 

The development of phosphorus-recycling systems would help to counteract 
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phosphorus depletion. The introduction of phosphate-adsorbing materials into 
systems such as domestic and industrial wastewaters, and sewage, which are 
sources of eutrophication, would enable recovery of phosphorus released into 
aqueous systems. This would reduce the amount of phosphorus in water systems 
and the recovered phosphate adsorbent could be added to soil and reused as 
phosphate fertilizer. Foamed glass materials have a porous structure that incor-
porates a large number of voids and are conventionally used as civil engineering 
materials or aggregates for construction [2]. Since calcium carbonate is used as 
the foaming agent, and it can be used as an adsorbent for phosphorus. Not only 
the surface but also the internal voids of a porous material provide adsorption 
sites. Foamed glass therefore has advantages as an adsorbent, and the phospho-
rus-adsorbing ability can be enhanced by adjusting the constituents. However, 
there have been few studies of the phosphorus-adsorbing capacities of porous 
materials [3]. In this study, we investigated the effects on adsorption of ferrous 
ion loading, with the aim of increasing the phosphorus adsorption capacity. 
Several methods for preparing adsorbents consisting of iron supported on a 
porous base material have been reported. In most cases, porous carbon has been 
used as the base material, and, to the best of our knowledge, there has been no 
report of the use of foamed glass [4] [5]. It is easy to adjust the particle diameter 
and specific gravity of foamed glass, therefore phosphorus adsorbents for vari-
ous purposes can be prepared. In Japan, there are no phosphorus resources; 
therefore phosphorus recovery with foamed glass is attractive. The effect of the 
calcium component is important. Foamed glass saturated with adsorbed phos-
phorus can be used directly as a fertilizer [3]. In this case, desorption is necessary 
because iron is loaded to increase adsorption capacity. However, the reducing 
effect of iron of nitrate reduction can be expected by loaded iron [6] [7]. In this 
study, we investigated phosphorus and nitrate ion removal from environmental 
water using iron-loaded foamed glass. 

2. Materials and Experimental Methods 
2.1. Materials 

The samples of foamed glass tested in this study were collected from a produc-
tion site in Kure City, Hiroshima, Japan. First of all, waste glass is collected and 
finely crushed. Add calcium carbonate to it and heat it at 800˚C - 900˚C. Carbon 
dioxide gas comes out and becomes a porous material. 

Table 1 shows the average composition of the product, determined by an offi-
cial agency, according to a standard method (Japan Industrial Standards method 
JIS G 1257). The pore size distribution in the products used for the experiments 
varied; it has been reported that the distribution depends on the foaming ma-
terial and treatment temperature. Kazmina reported pore sizes in the range 1 - 4 
μm [7]. The average specific density of the samples in this study was 0.42 g/cm3 
(dry bulk density, dry weight basis), determined with a pycnometer. Other 
physical and mechanical strength characteristics are shown in Table 2. This is  
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Table 1. Foamed glass composition. 

Ingredients Content [%] 

SiO2 71 

CaO 10.9 

Na2O 13.2 

Al2O3 1.76 

K2O 1.11 

MgO 0.20 

 
Table 2. The main physical and mechanical characteristics of the product. 

Bulk dry 
Density [t/m3] 

Water absorption [%] Length [mm] Average CBR % 

0.42 Average 30% 2 - 75 mm 30.9 

 
the measurement results based on the standard soil test method [JIS]. The spe-
cific gravity lightly floats on water and shows strength against load. 

Methods for supporting iron include using starch as an adhesive and heating 
at 105˚C [8] [9]. In this study, the heating method was used. Figure 1 shows a 
photograph of foamed glass of diameter 14 - 25 mm. Foamed glass (5 g) was 
placed in 0.2 mol/L ferrous sulfate solution (200 mL) and the mixture was heated 
continuously at 105˚C for 48 h under gentle stirring at 40 rpm, using a laborato-
ry stirrer with a hotplate (ASONE Co., Tornado). After thorough washing with 
tap water, the product was dried and used in the experiments. Figure 2 shows a 
scanning electron microscopy (SEM) image of the surface and energy-dispersive 
X-ray spectroscopy (EDX) results. The analysis was performed with a 6610 A in-
strument (JEOL Ltd.) Iron was loaded on foamed glass of length 3 - 12 mm, and 
the glass was crushed for analysis. X-ray diffraction (XRD) showed that iron was 
distributed uniformly on the surface. 

2.2. Treatment Conditions 
2.2.1. Effect of Initial pH (Batch Experiments) 

1) Phosphorus adsorption 
A model environmental water sample with a phosphate concentration of 5 

ppm was prepared using a 0.1 M dihydrogen phosphate solution and its initial 
pH was adjusted from 1 to 7 with 0.1 M sulfuric acid and sodium hydroxide so-
lution. The solution (40 mL) and the adsorbent (2 g), i.e., a liquid/solid ratio of 
20 mL/g, were placed in a 50 mL centrifuge tube in a small rotating agitator 
(TAITEC RT-50) in a thermostatic chamber at 30˚C. Agitation was performed at 
40 rpm for 24 h. After separation, filtration was performed with 5 type C filter 
paper, and the phosphate in the filtrate was determined by molybdenum blue 
spectrophotometry, according to APHA method 4500-P B. All reagents were 
special grade and purchased from Wako Ltd. 
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Figure 1. Photographs of foamed glass and iron-loaded foamed glass. 

 

 

Figure 2. SEM image and EDX analysis of surface. 
 

2) Nitrate removal 
A model environmental water sample with a nitrate ion concentration of 20 

ppm was prepared using 0.1 M nitric acid solution and the initial pH was ad-
justed from 4 to 6 with sodium hydroxide solution. The solution (40 mL) and 
the adsorbent (2 g) were placed in a 50 mL centrifuge tube, i.e., a liquid/solid ra-
tio of 20 mL/g, in a small rotating agitator (TAITEC RT-50) in a thermostatic 
chamber at 30˚C. Agitation was performed at 40 rpm for 24 h. After separation, 
filtration was performed with 5 type C filter paper, and the nitrate in the filtrate 
was determined by N-(1-naphthyl) ethylenediamine dihydrochloride spectro-
photometry, according to EPA method 352. All reagents were special grade and 
purchased from Wako Ltd. 

2.2.2. Desorption (Batch Experiments) 
1) Phosphate 
The desorption of adsorbed phosphorus by anion exchange with hydroxyl 

ions can be achieved with sodium hydroxide solution of pH 12. The first step in 
the procedure was adsorption of a 100 mg/L phosphoric acid solution. The re-
covered adsorbent was washed with distilled water and dried at 60˚C for 2 h. The 
adsorbent was immersed in sodium hydroxide solution of pH 12. Because of the 

https://doi.org/10.4236/msce.2018.63002


A. Afiliana et al. 
 

 

DOI: 10.4236/msce.2018.63002 25 Journal of Materials Science and Chemical Engineering 
 

high alkalinity, the immersion time was shortened to 4 h, and the operation was 
repeated under the same experimental conditions. 

2.2.3. Continuous Treatment Experiment 
1) Phosphate adsorption and nitrate removal 
The experimental setup is shown in Figure 3. Iron-loaded foamed glass was 

loaded into a pressure-resistant glass column of diameter 1 cm and length 30 cm, 
so that the glass was filled to 15 cm from the top of the column. Raw water was 
supplied from the bottom to obtain treated water. 

At the sampling time, the effluent volume was measured, and filtration was 
performed with 5 type C filter paper prior to analysis. A raw water sample with 
suspended solid concentration 18 mg/L, pH 4.2, phosphate concentration 4.80 
mg/L, and nitrate nitrogen concentration 1.0 mg/L was obtained from a waste-
water treatment facility at the Prefectural University of Hiroshima and used for 
this experiment. All reagents were special grade and purchased from Wako Ltd. 

3. Results and Discussion 
3.1. Batch Experiments 

1) Phosphate 
Figure 4 shows the effect of the initial pH on the adsorption rate. The rate was 

80% or more at pH 2, 97% to 90% at pH 3 - 6, and fell to 80% at pH 7. The dif-
ference between the initial pH and the equilibrium pH after the reaction was 
within 0.3. In this pH range, the main ions present were dihydrogen phosphate 
and hydrogen phosphate. These ionic phosphorus-containing species reacted 
with hydrated iron. The hydroxide ions hydrates to the iron on foamed waste 
glass and exchanges with phosphorus at the time of adsorption. The form of 
phosphorus at this time are to be a monohydrogenphosphate ion or a dihydro-
gen phosphate ion depending on the pH. Therefore, hydroxyl ions and mono-
hydrogen phosphate ions are exchanged in equal amounts, or two hydroxyl ions 
and dihydrogen phosphate ions are exchanged [10]. The results suggest that the 
ionic phosphorus species reacted with hydrated iron. On desorption, phospho-
rus and hydroxide ion are exchanged in an alkaline state. 

Isothermal adsorption experiments were performed at an initial pH of 4; the 
same method as that described above was used. The amount of material ad-
sorbed per gram of adsorbent (y) was calculated from the difference between the 
concentrations before and after treatment, the treatment volume, and the equili-
brium concentration (c). The values of 1/c and c/y were obtained from the 
Langmuir equation, and monomolecular layer adsorption was assumed: 

( )1 m mc y by c y= +                       (1) 

ym: amount of solute adsorbed on the adsorbent (mg/g). 
c: phosphate concentration of solution at adsorption equilibrium (mg/L). 
ym: amount of solute necessary for monomolecular layer formation (mg/g). 
b: constant. 
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Figure 3. Experimental setup for continuous treatment. 

 

 
Figure 4. Effects of initial pH on phosphate. 

 
Figure 5 shows the results obtained by fitting the isothermal adsorption data 

to Equation (1). The saturated adsorption amount, calculated from the slope of 
the plot, was 6.25 mg. Table 3 shows the saturated adsorption amounts for var-
ious adsorbents. Iron loading increased the saturated adsorption capacity 
8.3-fold. The results indicate that the factory product lot used in this research 
had a high phosphorus adsorption capacity, despite its large size. 

Figure 6 shows the desorption results. Although the effect of the liquid/solid 
ratio was small on desorption was slightly .The desorption ratio was reached 
84% at 30 mL/g. Most desorption occurred during the first operation. However, 
the influence of the solid-liquid ratio was small, and there was no tendency that 
the amount of desorption depended on the solid-liquid ratio. This seems not 
only that the adsorption of phosphorus is caused by ion exchange. 

2) Nitrate 
Figure 7 show the effect of the initial pH on the nitrate nitrogen reduction to 

ammonium nitrogen. The results show that nitrate ions were reduced and  
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Figure 5. Isothermal adsorption equation. 

 

 

Figure 6. Effects of liquid/solid ratio on desorption rate. 
 

 
Figure 7. Effects of initial pH on nitrate reduction. 

 
Table 3. Phosphorus adsorption capacities of various adsorbents. 

Adsorbent 
Maximum adsorption 

capacity *point 
Diameter or 

length 
reference 

1) Fe (III) loaded okara 4.78 mg/g 0.15 mm [11] 

2) Foamed glass (not Fe-loaded) 3.60 mg/g 1 mm - 0.15 mm [2] 

*added Na2CO3 and CaMg (CO3)2) 10% 0.45 mg/g 1 mm - 0.15 mm [12] 

3) This study 

Foamed glass (Factory products) 2.07 mg/g 3 mm - 12 mm  

*Fe-loaded 1.0 mg/g 10 mm - 20 mm  

*not Fe-loaded 0.75 mg/g 3 mm - 12 mm  

y = 0.164x + 0.274
R² = 0.990
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ammonium ions were produced. The nitrogen ratio was about 0.4:1, regardless 
of pH. The initial nitrate ion concentration, i.e., 20 mg/L, decreased to 14.2 
mg/L; 0.7 mg/L ammonium ion production was observed. The amount of am-
monium ion sformed was small, and the denitrification rate was about 25%. 

3.2. Continuous Experiment 

Figure 8 shows changes in nitrogen, phosphate and pH in treated water in con-
tinuous treatment. The nitrogen concentration in the treated water decreased, 
and then became constant, probably as a result of internal diffusion. The con-
centration of ammonium ion remained below 0.4 mg/L during the experiment. 
Figure 9 shows that many bubbles accumulated in the column, and reduction to 
nitrogen gas was maintained. Phosphate adsorption reached breakthrough at 40 
times the bed volume (BV). In addition, there was almost no difference between 
the pH values of the treated and raw waters. 

 

 
Figure 8. Simultaneously reduction phosphate and nitrogen by column experiment. 
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Figure 9. Photograph of column. 

4. Conclusions 

The aim of this study was to prepare phosphorus adsorbents from foamed glass, 
and to increase the adsorption capacity compared with previously reported val-
ues. The adsorbent was prepared by heat-treating the foamed glass base material 
with an iron sulfate solution, and washing and drying it. The foamed glass ma-
terial had a specific gravity of 0.42 and two types of product, with diameters of 
0.3 to 1.2 cm, were used. An adsorption rate of 97% was achieved at pH 3 - 4. 
The phosphate desorption rate was 84% at pH 12 and a liquid/solid ratio 30. 
Approximately 25% of the nitrate ions were denitrified at pH 4. Although the 
amount of ammonium ions was small, it corresponded to 40% of the nitrogen 
present. Water from a septic tank at the university was continuously treated in a 
column; the water contained nitrate 5 mg/L and phosphate 4 mg/L. Phosphorus 
breakthrough was reached at BV 40. A denitrification rate of 30% was main-
tained. 

Since the foamed waste glass carrier floats in liquids, it is thought that main-
tenance of clogging and pressure loss by suspension in continuous adsorption 
becomes easy. We are planning to consider actual waste water adsorption in the 
future. 
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