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Abstract 

Phosphorus is an essential nutrient element in water environment for the growth of 

aquatic plants and algae. A large amount of phosphorus in water body is often 

responsible for algal bloom and eutrophication, which causes many environmental 

problems. Further, phosphorus is also an un-renewable recourse which is necessary in 

food production for human beings. The reserves of phosphorus in the world will 

deplete in 50 - 100 years. Thus, the removal of phosphors in water body and recycling 

of phosphorus from P wasted water is necessary and urgent. The objective of this 

research is to develop a high capacity novel phosphate adsorbent for phosphate 

removal and recycling from aqueous solution. Three parts of work have been 

conducted.  

1. Kanuma mud had been selected as basic material for further material development. 

Laboratory-scale batch experiments were conducted to investigate the efficiency 

of Kanuma mud for phosphate removal from aqueous solution. The adsorption 

isotherms, kinetics, desorption rate and some factors such as temperature, pH and 

dosage were investigated. The phosphate adsorption results fitted the Freundlich 

isotherm model very well, and the adsorption process was an exothermic reaction 

which could be described by a pseudo-second-order kinetic model. A maximum 

phosphate adsorption capacity of 2.13 mg g-1 was achieved under the condition of 

4 g L-1 dosage and 50 mg L-1 initial concentration, and the effective phosphate 

uptake step could be attained in 90 min. The adsorption performance was the best 

at pH 6, and the adsorbed phosphate on the Kanuma mud could be hardly 
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desorbed in deionized water. These results showed that Kanuma mud processed 

great potential for using as an absorbent for phosphate removal from aqueous 

solution. 

2. A novel tablet porous material (TPM) was further developed from Kanuma mud 

(K - mud), corn starch and calcium oxide. Laboratory-scale batch experiments 

were conducted to evaluate the phosphate adsorption capacity of TPM from 

aqueous solution. The adsorption isotherms, adsorption kinetics, phosphate 

recycling and major factors such as temperature, pH and dosage were investigated. 

The phosphate adsorption results fitted the Freundlich isotherm model very well, 

and the adsorption process was an endothermic and spontaneous reaction which 

could be described by a pseudo-second-order kinetic model. The maximum 

phosphate adsorption capacity was 4.39 mg g-1 under the condition of 4 g L-1 

dosage and initial pH of 7. Its equilibrium could be attained in 2 h. The solution 

pH had little effect on TPM phosphate removal when pH varied from 5.0 to 9.0. 

70.29% of adsorbed phosphate could be recycled when 0.2 mol L-1 HCl were used 

as eluant, and the present developed TPM could be recovered and reused for 5 

times. The adsorption capacity would be continuously decreased with the increase 

of elute cycles. The adsorption capacity was 1.316 mg g-1 for raw TPM and 

decreased to 0.466 mg g-1 after 5 cycles. This novel developed TPM is a 

promising adsorbent than other clay mineral materials for phosphate removal from 

wastewater. 
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3. The adsorption performance of developed TPM was further enhanced through an 

electrochemical surface modification (ESM) method. Laboratory-scale batch 

experiments were conducted to compare the phosphate adsorption capacity of 

TPM and ESM modified TPM (ECTPM) from aqueous solution. The adsorption 

isotherms, adsorption kinetics and major factors such as temperature and pH were 

investigated. The phosphate adsorption results fitted the Freundlich isotherm 

model very well, and the adsorption process was an endothermic and spontaneous 

reaction which could be described by a pseudo-second-order kinetic model. Under 

the condition of 4 g L-1 dosage and initial pH of 7, the maximum phosphate 

adsorption capacity was 3.61 mg g-1 onto TPM and 5.36 mg g-1 onto ECTPM, 

respectively, and the equilibrium could be attained in 2 h. The solution pH had 

little effect on TPM phosphate removal when pH varied from 5.0 to 9.0. ECTPM 

and TPM are of high selectivity on phosphate adsorption. This newly developed 

ECTPM is also promising than other clay mineral materials for phosphate 

adsorption from wastewater. 

On the whole, Kanuma mud and the developed TPM could be used as effective 

phosphate adsorbent from aqueous solution. In addition, the new developed 

electrochemical surface modification (ESM) method could be used for adsorbent 

surface modification. 
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Chapter 1 Introduction 

1.1 The world’s water resources & wastewater treatment 

During the past century, the world population tripled, the use of water increased 

and followed the world population. In human life and industrial activities, agriculture 

irrigation accounts for 70% of global water withdrawals, and municipal accounts and 

industry usage accounts for 30% [1]. The increased population brings about many 

environmental problems, about 50% of wetland in the world gave disappeared during 

the past century [2]; some rivers might dry up and no longer reach the sea [3], and 

result in the extinction of freshwater aquatic animals. Further, many important 

groundwater aquifers are being mined leading to water table dropping, and some of 

them were damaged by permanent salinization. It is estimated that water use will 

increase by about 50% in the coming 30 years [1]. Approximately 3.7 billion (about 

half of the world population) people were estimated to live under severe water 

shortage condition, especially in Africa and Middle East (in which about 1.1 billion 

people can not access to safe drinking water; and 2.6 billion people lack access to 

improved sanitation facilities) [4].  

Most nations confront two major water resources challenges. Firstly, all countries 

face challenges in regulation and laws developing to manage water resources in an 

economically productive, socially acceptable and environmentally sustainable way. 

Secondly, all countries have difficulties in water infrastructure maintaining and 

developing for an appropriate stock of water resources. The cost of water 

infrastructure will rapidly rise up in many nations due to these challenges. The World 

Bank [5] reported that the cost of water or future project is 2 - 3 times higher than that 
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of the previous one. The Water Infrastructure Network (WIN) reported that the annual 

investment gap for municipal wastewater and drinking water system during 2000 - 

2020 would reach $24.7 billion [6], and over the 20-year period, $940 billion is 

required for wastewater and drinking water investment [7]. Further, irrigation is a 

high volume in water use. The growth of world population would extent the water use 

in irrigation, and burdens the water shortage.  

In the present world, approximately 150 - 200 million hectares of land are drained 

up, including 100 - 150 million hectares of rain-fed land and approximately 50 million 

hectares of irrigated land. This part of land produced 10 - 15% of global food [8]. 

Drainage developments are desired to improve agricultural productivity. The global 

irrigated land increased by more than 2% per year in the 1960s and 1970s, and 

decreased to 1.6% in the 1980s [9]. Thus, it can be concluded that the increase usage 

of  groundwater used in irrigating is foreseeable because of greater certainty of 

supply, advances in technology in many instances, government subsidies for power 

and pump installation. At present, the increasing use of groundwater has led to the 

overexploitation of groundwater resources in some arid and semiarid regions, where 

water tables are falling. Consequently, proper use of water for irrigation and drainage 

is essential for sustainable water resources management.  

On the other hand, continuous growths of population and industrialization have 

resulted in the degradation of various ecosystem on which human life relies, such as 

ocean and river. These systems are always polluted by discharging inadequately 

treated wastewater. Many pollutants may be easily removed before discharge into the 
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environment, but the treatment became more and more difficult after the pollutants 

dispersed into the environment. To realize the sustainable water use and relief the 

burden on aquatic environment, wastewater treatment should be considered seriously. 

At present, diverse contaminants are produced in human life and industrial activities 

and discharged into aquatic environment. In municipal wastewater, large amount of 

organics, N and P are existed, N and P will also exist in low concentration either the 

wastewater were treated. This part of N and P would lead to many environmental 

problems when they are accumulated in the environment. Thus, the treatment of N, P 

and organics in wastewater is urgent and necessary to relieve water shortage and 

realize wastewater recycling to a certain extend. 

 

1.2 Phosphorus issues 

Phosphorus is an essential nutrient element in food production, playing a major 

role in agricultural and industrial development. In the 21st century, the world 

population is about to 7 billion [10], the requirement of phosphorus in agriculture will 

largely increase. Further, phosphorus is also used in many other fields, such as 

production of automobile battery, surface additive in solar LED panel production and 

digital device product (television, camera, etc.). In addition, the development of 

bio-field is based on sufficient phosphorus supply, or it could not advance develop if 

the shortage happened.   

At present, phosphorus is always obtained from finite phosphorus-mineral. 

However, the reserve of phosphorus mineral is limited. The 85% of phosphorus 
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mineral reserve is centered in 4 nations, including Mongolia, China, USA and South 

Africa [11]. Actually, the phosphorus resources in China and USA have begun to be 

exhausted. With the time going on, the phosphorus would be only supplied by 

Mongolia. Since 1997, the export of phosphorus mineral from USA has been 

terminated. The world phosphorus utilization would be threatened if other nations 

follow this step. Japan is the 8th phosphorus consumption nation in the world, all the 

consumed phosphorus in Japan was imported from other nations. However, with the 

phosphorus resources self-protection followed up, the import of phosphorus would be 

increasingly difficult. The food self-supporting and development of biomass 

techniques would largely limit. Further, to 2050, the world population will achieve 9 

billion [11]; the food production to support such a large number of population should 

be taken seriously. On the other hand, wider utilization of P in human life and 

industrial activities enhances the nutrient element load when P-waste is discharged 

into water bodies without any treatment, resulting in eutrophication and red tide in 

lake, reservoirs and ocean. In most cases, phosphorus is the limiting factor in 

eutrophication [12]. The eutrophication resulted in many problems, such as disturbing 

aquatic ecosystem, over consumption of dissolved oxygen and aesthetics problems. In 

addition, some environmental toxicants like microsystin will be produced when 

eutrophication happened; these substances would be accumulated in the bodies of 

aquatic animals and finally affect the health of human beings. Thus, phosphorus 

contamination should be avoided. To protect environment and surface water, the 

discharge concentration of total phosphorus to environment was limited by many 
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countries, but the development and utilization of phosphorus removal techniques was 

different between developed countries and developing countries because of the 

economic level and investigation. Thus, the academic exchange between different 

countries should be intensified to save environment between different countries. Also, 

the issue on phosphate recycling should also be considered. 

 

1.3 Phosphorus removal and recycling techniques 

In the past decades, the development of technology for phosphorus removal offers 

the chance for phosphorus controlling in water environment. The development of 

phosphorus removal technologies was started in the 1950s to reduce the content of 

phosphorus entering surface waters [13]. It was initially achieved by chemical 

precipitation [14-16], which is also a leading method at present. However more 

recently, biological [17, 18], crystallization [19, 20] and adsorption [21, 22]methods 

have been established and well developed. 

1.3.1 Chemical precipitation 

The widespread uses of chemical precipitation for P removal in wastewater 

treatment were started since the 1950s to control the eutrophication in water bodies. It 

was developed in many countries at an accelerating rate due to easy operation.  

Chemical precipitation is a physical-chemical process. When the divalent/trivalent 

metal salts were dosed into wastewater, an insoluble metal-phosphate precipitation 

would be caused. Iron and aluminum were always used as the effective precipitants 

[23, 24]. The flow chart of traditional chemical precipitation is shown in Figure 1.1. 
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The phosphorus is removed through primary sedimentation and secondary 

precipitation in the chemical precipitation process. It typically produces phosphorus 

bound as a metal salt within the wasted sludge and separated from liquid phase. The 

P-sludge is also valuable when disposed to agriculture. Although a high quality 

effluent can be achieved, chemical precipitation is not generally favored because of its 

high cost and further treatment needed.  
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 Figure 1.1. The flow chart of P removal by chemical precipitation [13]. 
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1.3.2 Biological removal 

The biological phosphorus removal techniques were developed in the 1950s. The 

researchers found that activated sludge could over take up phosphorus for normal 

biomass growth under certain conditions [25, 26]. Based on this observation, a 

number of processes have been developed and the technical system is now firmly 

established and serving large populations in the world. The advantage of this 

technique is obvious (low cost, no chemical material required). However, more 

complicated plants and configurations are necessary [27] (Figure 1.2). Biological P 

uptake is achieved through the following processes in the system: a) the phosphorus is 

released into the wastewater by microorganisms, b) in the subsequent aerobic stage, 

the released and extra phosphorus will be taken up by PAOs (phosphate-accumulating 

organisms). The sludge which is rich in phosphorus would be produced and 

discharged from the system, resulting in phosphorus removal from the treatment 

system. 
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Figure 1.2. The flow chart for basic biological P removal process. 
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1.3.3 Crystallization 

Crystallization was developed in the 1970s. The recycling of phosphorus from 

liquid phase, sewage sludge or sewage sludge ash can be achieved through 

crystallization [28]. In this process, the phosphorus was always pretreated through 

microorganisms to transfer phosphorus into phosphate, then in which phosphate could 

be removed through HAP (hydroxyapatite) production process, in which 

Ca10(OH)2(PO4)6 on the surface of seed crystal could be applied to the removal of 

phosphate from liquid [29]. The removed phosphate from liquid could be used as 

phosphorus resources again. Many attempts have been tried to test the applicability of 

the phosphorus crystallization process as a phosphorus recovery system for phosphate 

removal and recycling in wastewater [30-33]. The principal chemical reaction for the 

crystallization of HAP is as follows [34]: 

64210
3
4

2 )()(2610 POOHCaOHPOCa →++ −−+                        (1.1) 

The traditional phosphorus crystallization process could be explained by Figure 

1.3. 
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Figure 1.3. The schematic diagram of phosphorus crystallization process [29]. 
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1.3.4 Adsorption 

Adsorption enables the separation of selected compounds from liquid. Compared 

to alternative techniques, adsorption is attractive for its relative simplicity of design, 

easy operation, insensitive to toxic substance, ease regeneration and low cost. 

In the past decades, many researches were attempted for different pollutant 

removal; it has been widely used in many fields, such as treatment of dyeing and 

decolor wastewater [35], purification of drinking water [36], refinement of important 

content in component [37] and so on. On the other hand, the theoretical research of 

adsorption is slower than its application in practice. In the present adsorption studies, 

the research focus is mainly concentrated on the following aspects: 

i. New application development (environmental protection, material science, energy 

development and refinement). 

ii.  Exploration of theory and impact factors (isotherms development etc.) 

iii.  Investigation of thermodynamics and kinetics (to figure out the driving force).  

iv. Mechanisms investigation.  

Based on this situation, the adsorption technique have been widely developed for 

environment protection and pollutants removal, such as phenol [38], nitrate [39], 

methylene [40], dyes [41], protein [42], arsenic [43], chromium [44] and so on (Table 

1.1). Also, the phosphorus as a traditional pollutant can also be removed through 

adsorption method. With the development of adsorption method, new adsorbents were 

appeared at the same time, such as activated carbon [45, 46], zeolite [46], resin [47], 

carbon fiber [48], clay mineral [49-51], etc. Among those adsorbents, clay minerals 
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have been proved to be effective and low cost ones. For phosphate removal, diverse 

clay minerals have been used as adsorbents (Table 1.2), including alunite [52], 

palygorskites [53], bentonites [54], dolomite [21], kaolinite [50, 55], goethite [55] and 

so on. The phosphorus can be removed through static adsorption, chemical 

precipitation and chemical adsorption due to the complex components in the clay 

mineral. The clay mineral adsorbents exhibit effective removal efficiency, but still 

drawbacks, such as low capacity, low availability in Japan.  
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Table 1.1 The application of adsorbent/adsorption in waste & wastewater treatment. 

Adsorbate Adsorbent Capacity (mg g-1) Data source 
Phenol Activated carbon fibers 1.09-2.21 [38] 
Nitrate Double hydroxides 1.60-4.98 [39] 
Methylene Cotton stalk 147.06-222.22 [40] 
Dye Sepiolite - [41] 
Protein Bioactive glass - [42] 
Chromium Dolomite 5.67-10.01 [44] 
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Table 1.2 The clay minerals used for phosphate adsorption. 

Clay Capacity (mg g-1) BET surface area (m2 g-1) Data Source 

Alunite 118 29-148 [52] 
Palygorskites 3.73-8.31 287-342 [53] 
Bentonites 9.47-10.54 39.30 [54] 
Dolomite 8.20-13.50 0.14 [21] 
Kaolinite 5.05-17.89 - [50] 
Goethite - 47.6 [55] 
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1.4 Originalities and objectives  

In this field, the researches of adsorption method are mainly concentrated on 

material development. In this study, an attempt was tried to develop a new material 

for phosphorus removal and further for phosphorus recycling. The originalities of this 

research were followed： 

i. The basic material (Kanuma mud) used for phosphorus adsorption is unique in 

Japan and few research on phosphorus removal is reported. 

ii.  The Kanuma mud is firstly developed to granular adsorbent with enhanced 

phosphorus removal efficiency. 

iii.  A new modification method is applied to further enhance the phosphate removal 

capacity of the newly developed granular adsorbent. 

 

1.5 The contents and framework of this research 

The results of this research were grouped into three parts which were presented 

chapter by chapter. 

i. In the first part of this research, the selection of optimum basic material 

suitable for phosphorus removal was conducted. Its phosphorus removal 

capacity was investigated. The adsorption isotherm, kinetics, effect of pH and 

temperature was measured. The optimum removal condition was obtained. 

ii.  In the second part of this research, the selected basic material was used to 

develop a new granular phosphorus adsorbent. The phosphorus removal 

capacity of the developed granule was investigated. The adsorption isotherm, 
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kinetics, thermodynamics, and effect of pH were measured. The optimum 

removal condition was confirmed. In addition, the phosphorus recycling was 

also investigated in this part. 

iii.  In the third part of this research, the developed granular material was surface 

modified through a novel surface modification process. The phosphorus 

removal capacity of surface modified granule was investigated. The adsorption 

isotherm, kinetics, thermodynamics, effect of pH was measured. The optimum 

removal condition was confirmed. 

The experimental framework is briefly illustrated in Figure 1.5 
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Figure 1.5. The framework of this research.  

K-mud: Kanuma mud; TPM: tablet porous materials; ESM: electrochemical surface 

modification process; ECTPM: ESM modified TPM. 
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Chapter 2 Phosphate adsorption from aqueous solution using Kanuma mud 

2.1 Introduction 

Phosphorus is an important nutrient element in surface water environments for the 

growth of aquatic plants and algae [56]. The majority of phosphorus used in living 

and production activities of human beings is discharged into water environment 

finally through natural phosphorus cycle. An over loading of phosphorus in water 

environment is often responsible for algal bloom and eutrophication [57-59], 

especially in lakes, coastal areas and reservoirs, causing many environmental damages 

such as esthetic problem [60], dissolved oxygen (DO) decrease and destroy aquatic 

ecosystems leading to death of aquatic animals [61]. In addition, environmental toxin 

such as microsystin would be produced in eutrophication process. The microsystin 

enriched in the body of aquatic animals and transferred into human body led to 

hepatocellular carcinoma [62]. Thus, the regulation limits of phosphors discharging 

were performed in many nations to prevent those problems. 

In the past decades, phosphorus removal from wastewater has been extensively 

developed, including precipitation through chemical methods [63], activated sludge 

[64], ion exchange [65], phosphate crystallization [66], etc. Those techniques 

achieved effective efficiency of phosphorus removal, but still drawbacks, such as high 

cost, low efficiency and complicated operation. On the contrary, adsorption method is 

increasingly used in many researches related with phosphorus removal because of its 

high efficiency and convenient operation. Diverse absorbents have been used for 
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phosphorus removal, such as peat [67], alunite [52], palygorskite [53], red mud [68], 

mussel shells [57], dolomite [21], palm waste [69], etc. 

Kanuma mud, a kind of inorganic volcano geomaterial, is very abundant in Japan 

especially in Kanuma city (Located in Tochigi prefecture). It is widely used in 

agriculture and horticulture. Kanuma mud has functional physical and chemical 

abilities such as high permeability, water retention ability and porosity. It has been 

used for fluoride removal from aqueous [70], but few studies can be found on its 

phosphorus removal capacity through adsorption methods using Kanuma mud.  

Therefore, in this study, an attempt was tried to investigate the efficiency of 

phosphorus removal through Kanuma mud from polluted aqueous solutions. The 

adsorption isotherms, adsorption kinetics, effect of temperature on adsorption, effect 

of pH on adsorption, and desorption rate were discussed. 

 

2.2 Experimental 

2.2.1 Preparation of the phosphate adsorbent 

The absorbents used in present study were bought from the Makino Store, Kiyosu, 

Japan. It was manually smashed and sieved, and the particles less than 300 µm were 

selected. The absorbents were washed by distilled water for five times and dried at 

temperature of 60 oC. Thermal treatments were performed at temperature of 120 oC 

last for 24 h (dewater) after washing. The dewatered Kanuma mud was examined by 

X-ray diffractometer (XRD, RINT2200, Rigaku, Japan), energy dispersive X-Ray 

Spectroscopy and scanning electron microscope (SEM XL40 series philips, Holland) 



 

21 

to obtain its physical, chemical and surface characteristics; Brunauer-Emmett-Teller 

(BET) specific surface area was obtained by a analysis device (Coulter SA3100, US) 

using the He - N2 method. All the equilibrium phosphate concentration was analyzed 

with the ascorbic acid method (4500-P E) [71].  

 

2.2.2 Adsorption experiments 

Phosphate adsorption isotherm study was carried out. An amount of 0.5 g 

prepared adsorbents was added in a test tube (50 mL) with series initial concentrations 

of phosphate (anhydrous KH2PO4, analytical grade). The concentrations were ranging 

from 5 to 50 mg L-1, respectively. The test tubes were set in a thermostat at 

temperature of 25 ± 1 oC. Centrifugations were performed at 5000 rpm for 5 min after 

equilibrium. The supernatant liquid was used for phosphate concentration analysis 

after filtered through a 0.45 µm membrane filter. The adsorption isotherms can be 

obtained by fitting the experimental data to the related isotherms.  

 

2.2.3 Kinetic experiments and effect of different initial concentration 

Phosphate adsorption kinetic studies were conducted in a thermostat at 

temperature of 25 ± 1 oC. An amount of 1 g samples were put into a series of test 

tubes (50 mL) with the concentration of 10, 15 and 20 mg L-1 phosphate solution 

(anhydrous KH2PO4, analytical grade). The time intervals were 5, 10, 20, 30, 90, 120, 

180, 300, 420, 600, 840, 1020, 1320 and 1440 min, respectively. Centrifugations were 
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performed immediately each time, and the resultant supernatants were used for 

phosphate determination after filtered through a 0.45 µm membrane filter. 

2.2.4 Effect of pH on phosphate adsorption 

Twenty five milliliter phosphate solutions (10 mg L-1) were added in 12 test tubes 

set in a thermostat at a temperature of 25 ± 1 oC, and 0.5 g of adsorbent was added to 

each tube. Different amount of 0.1 M HCl and NaOH were used to adjust pH value 

range from 1.5 and 2 to 12, all the test tubes were capped after dosing to avoid 

evaporation, and the phosphate concentration were determined after 24 h. 

 

2.2.5 Effect of temperature on phosphate adsorption 

The effect of temperature on phosphate adsorption was investigated at fixed 

amount of adsorbent and initial concentration of 10 mg L-1. An amount of 1 g 

adsorbent was added in each test tube with 50 mL phosphate solution. The pH of the 

suspension was adjusted to 5.8. Then the test tubes with the content were capped and 

set in a temperature thermostat at different temperature (5, 25 and 35 oC). At the end 

of 24 h treatment, centrifugations were performed at 5000 rpm for 5 min after 

equilibrium. Supernatants were obtained and filtered through a 0.45 µm membrane 

filter for phosphate concentration analyzing. 

 

2.2.6 Desorption studies 

The phosphate desorption studies of P-adsorbed Kanuma mud were also 

investigated. Amounts of 1 g prepared adsorbent were added in a test tube (50 mL) at 
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different initial concentration of phosphate (anhydrous KH2PO4, analytical grade). 

The concentrations were 1, 2, 5, 10 and 15 mg L-1, respectively. The test tubes were 

set in a thermostat at a temperature of 25 ± 1 oC. The equilibrium concentrations of 

phosphate adsorption were determined after 24 h. The phosphate adsorbed absorbent 

was filtered and dried for 2 h at 60 oC, and then added into 5 test tubes with 50 mL 

distilled water, respectively. All the test tubes were shaken at 200 rpm in a 

temperature controlled orbital shaker to enhance reaction equilibrium at room 

temperature of 25 ± 1 oC. The equilibrium concentration of phosphate desorption 

were determined after 24 h, centrifugation also performed before concentration 

analyzing. 

 

2.3 Results and discussion 

2.3.1 Characterization of Kanuma mud absorbent 

The XRD spectrums are shown in Figure 2.1c. The peaks were complex in 

spectrum and some of them were overlapped because of the complicated components 

in Kanuma mud. The XRD patterns of the Kanuma mud are strong with distinct peaks, 

implying a higher crystallinity degree of the major components. According to the 

XRD data analyzing, the reflections described in the figure might be defined as 

boehmite (JCPDS 74-1895), goethite (JCPDS 81-0463) and periclase (JCPDS 

45-0946). Table 2.1 showed the composition of Kanuma mud from an EDX analysis, 

it is obvious that the mainly composition of Kanuma mud are metal oxides. 
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The scanning electron microscope (SEM) images of Kanuma mud adsorbents are 

shown in Figure 2.1a and Figure 2.1b. It is obviously observed that lamellar and 

porous morphology widely exist. It indicated that these structures supplied larger BET 

surface which would play a positive effect on adsorption sites during phosphate 

adsorption process. The results of BET is shown in Table 2.1, indicating that Kanuma 

mud possessed a large specific surface area and total pore volume which largely 

higher than other similar materials, such as fly ash, slag and red mud (0.66, 1.11, 

14.09 m2 g-1, respectively) [72]. This result implies that Kanuma mud can be used as 

an absorbent for phosphate adsorption. In addition, the BJH pore size distribution was 

illustrated in Figure 2.1d. The proportions of pore diameter in the range from 20 to 80 

µm, 6 to 20 µm and over 80 µm accounted for 26.71%, 39.51% and 15.14%, 

respectively, indicating that Kanuma mud is a typical mesoporous (majority pores 

distribution: 2 - 50 nm) geomaterial according to IUPAC classification [73].  
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Figure 2.1. Morphology and characterization of Kanuma mud: (a) Scanning electron 

microscope micrographs of Kanuma mud adsorbents: 20kV, ×5000; (b) 20kV, 

×10000; (c) XRD spectrums patterns of Kanuma Mud, A: boehmite; B: goethite; C: 

Periclase; D: Al2O3; (d) Adsorption BJH Pore Size Distribution. 
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Table 2.1 The BET data and composition of Kanuma mud. 

 BET Surface area Langmuir Surface area Pore Volume  

Values  107.04 m2 g-1 91.360 m2 g-1 0.1694 mL g-1 

Correlation coefficient (R2) 0.999 0.998  

    

EDX analysis results 

Fe2O3 MgO Al2O3 SiO2 CaO MnO 
 Content (%) 

2.2 0.58 38.41 56.11 2.1 0.62 
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2.3.2 Adsorption isotherm 

   The equilibrium uptake capacity of phosphate qe (mg g-1) was calculated by the 

following equation (2.1): 

w

VCC
q ei

e 1000

)( ×−=
                                               (2.1) 

where Ci and Ce are the initial and equilibrium phosphate concentrations (mg L-1), V 

is the volume of phosphate solution (mL), w is the mass of adsorbent (g), 

respectively. 

In order to estimate the maximum phosphate adsorption capacity of Kanuma mud, 

Langmuir and Freundlich isotherm models were applied to describe the adsorption 

behavior. The Langmuir isotherm and the Freundlich isotherm can be presented by 

[74]: 

ee CbQQq

1111 +=
                                                (2.2) 

efe C
n

Kq log
1

loglog +=
                                         (2.3) 

where qe is equilibrium phosphate concentration on adsorbent (mg g-1), Ce is 

equilibrium phosphate concentration in solution (mg L-1), Q is estimated monolayer 

capacity of the adsorbent (mg g-1), b is adsorption constant, Kf (mg g-1) is the 

Freundlich constant, and n is the Freundlich exponent. While Langmuir isotherm 

parameters Q and b could be obtained by plotting (1/qe) versus (1/Ce), Freundlich 

isotherm parameters could be obtained by plotting log qe versus log Ce. The Langmuir 

model is often used to demonstrate a monolayer distribution of adsorbate within the 

adsorbent, and the Freundlich isotherm model usually tend to describe a 
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heterogeneous adsorption process, and assuming that different sites with several 

adsorption energies were complicated [75]. 
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Figure 2.2. The curves and parameters of Langmuir and Freundlich isotherms.  

Initial P concentrations: 5 to 50 mg L-1. Temperature: 25 ± 1 oC. Adsorbent 

dosage: 10g L-1. 

 

 

 

 

 

 Q (mg g-1) b R2 

Langmuir 1.14 1.141 0.874 

 Kf (mg g-1) 1/n R2 

Freundlich 0.62 0.183 0.990 
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Figure 2.2 shows the curves and corresponding isotherm parameters of Langmuir 

and Freundlich isotherm models. The R2 obtained from Eq. (2.3) was higher than 0.99, 

indicating a very good mathematical matching by Freundlich models. The correlation 

coefficient of Freundlich model (R2 = 0.990), much greater than that of Langmuir 

model indicates that the phosphate adsorption onto Kanuma mud is more like a 

complex adsorption process with diverse energetic distribution of adsorption sites and 

with interaction between the adsorbate. This observation might also be contributed by 

the different phosphate affinities for various metal oxides existed in Kanuma mud.  

The estimated monolayer maximum adsorption capacity of Kanuma mud was 1.14 mg 

g-1, the practical value would be larger due to the heterogeneous adsorption process. 

In this study, the practical adsorption capacity was 2.13 mg g-1 under the condition of 

lower dosage (4 g L-1) and higher initial concentration (50 mg L-1). This value was 

much larger than many adsorbents, such as furnace slag (1.43 mg g-1) [74] and red 

mud (0.58 mg g-1) [76]. Besides, the constant of Kf and n in Freundlich model denote 

the adsorption capacity of the adsorbent and deviation from linearity of the adsorption 

process, respectively. A higher value of n (n > 1) implies favorable adsorption. In this 

study, n is 5.46, indicating that Kanuma mud has the potential capability for 

phosphate adsorption from aqueous solution. In addition, the Kanuma mud can be 

used in agriculture and horticulture after phosphate adsorption in practice.  
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Table 2.2 The parameters of pseudo first-order kinetic model and pseudo 

second-order kinetic model for phosphate adsorption using Kanuma mud. 

Pseudo first-order model Pseudo second-order model 
Initial Con. 

qe (mg g-1) k1 (min-1) R2 qe (mg g-1) k2 (g(mg min)-1) R2 

10 mg L-1 0.094 1.87*10-3 0.955 0.47 0.203 0.999 

15 mg L-1 0.13 1.88*10-3 0.929 0.58 0.166 0.999 

20 mg L-1 0.16 1.85*10-3 0.936 0.71 0.131 0.999 
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2.3.3 Adsorption kinetics and effect of contact time. 

The effects of contact time and adsorption kinetics study always play an important 

role in the evaluation of adsorption process and it can provide further information on 

the process mechanisms. In this study, pseudo first-order kinetic model and pseudo 

second-order kinetic model were applied to examine the kinetics of phosphate 

adsorption onto Kanuma mud. 

The pseudo first-order kinetic model is expressed as Eq. (2.4) and can be 

simplified as Eq.( 2.5) after integration with the boundary conditions being set (qt = 0 

and qt when t = 0 and t, respectively) [77]: 

)(1 te
t qqk

dt

dq −=                                                 (2.4) 

tkqqq ete 1log)log( −=−                                        (2.5) 

where qe (mg g-1) and qt (mg g-1) are phosphate adsorbed amount at equilibrium and 

time t, respectively; k1 is the rate constant for the pseudo first-order kinetic model 

(min-1). 

The pseudo second-order kinetic model is expressed as Eq. (2.6), which can be 

simplified as Eq. (2.7): 

2
2 )( te

t qqk
dt

dq −=                                                (2.6) 

eet q

t

qkq

t +=
2

2

1
                                                 (2.7) 

where k2 is the rate constant for pseudo second-order kinetic model (g (mg min) −1). 

The values of k2 and qe are calculated from a plot of (t/qt) versus t. 
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Figure 2.3. The effect of contact time and curves of pseudo second-order kinetic model: (a) The effect of contact time with different 

initial concentration of phosphate; (b) The curves of pseudo second-order kinetic model with different initial concentration of 

phosphate. Initial P concentration: 10, 15 and 20 mg L-1. Temperature: 25 ± 1 oC. Dosage: 20 g L-1. 

a b 
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Figure 2.3a shows the effect of contact time on phosphate adsorption using 

Kanuma mud, and a three-step natural process was exhibited: a rapid reaction step 

(step A) in 0 - 90 min; a slow reaction step (step B) in 90 - 1020 min and an 

equilibrium step after 1020 min (step C). About 90.9, 90.8 and 88.9 % (when initial 

concentration was 10, 15 and 20 mg L-1, respectively.) of whole adsorption process 

was completed in step A. The phosphate was rapidly adsorbed until 90 min maybe 

attributed to with the surface adsorption, and more quantities of available vacant 

adsorption sites supplied advantageous effects in step A. In addition, a higher driving 

force [60] caused by high concentration enhance the contact chance between the 

adsorbate and absorbent hence a higher adsorption efficiency on phosphate by 

Kanuma mud. Further, the step B lasted about 17 h until the phosphate adsorption to 

equilibrium. During this stage, a little amount of phosphate was absorbed mainly due 

to the quantities decrease of vacant adsorption sites on the surface of Kanuma mud, 

and the decrease of the driving forces due to the decrease of phosphate concentration 

in solution. The equilibrium was achieved at 1020 min, no advance removal 

efficiency reflected in equilibrium step (Step C). Step B maybe related with the inner 

diffusion adsorption of the Kanuma mud and to the possibility of chemical 

precipitation reaction with the metal components contained in Kanuma mud, such as 

Fe, Al, Ca, Si, etc [52, 67, 78, 79]. 

The fitted curve and parameters of kinetic models are shown in Figure 2.3b and 

Table 2.2 It is clear that the phosphate adsorption process onto Kanuma mud could be 
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well described by pseudo second-order model because of the higher correlation 

coefficient (R2 > 0.999). 

 

2.3.4 Effect of pH on phosphate adsorption 

Phosphate dissociation equilibrium in aqueous solution is pH-dependent, which 

can be presented in Figure 2.4a [55]: 

For a detailed description, with pHs ranges from 5 to 10, H2PO4
- and HPO4

2- are 

majority species. To be more clear, H2PO4
- prevails when pH ranges from 5 to 7 and 

the content of HPO4
2- is higher when pH ranges from 7 to 10; with pHs ranges from 

10 to 12, HPO4
2- prevails than PO4

3-, and PO4
3- becomes majority when pH is higher 

than 12.  
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Figure 2.4. Phosphate distribution and effect of pH on phosphate adsorption: (a) Phosphate distribution in different pH solution [80];  

(b) Effect of pH change on phosphate adsorption (The arrows on the curve and bar show the corresponding axis of data). 

 

a b 



 

37 

It is well known that phosphate is usually considered to be removed through an 

inner-sphere ligand ion exchange mechanism [81]. The metal oxidation hydrolyze 

reaction can supply OH- which is possibly used in inner-sphere ligand ion exchange 

mechanism [82]:  

−+ +→+ yOHxMOyHOM xy
yx 2)/2(

2                                (2.8) 

The produced M(2y/x)+ in metal oxidation hydrolyze would uptake phosphate 

through an electrostatic interaction which could be expressed by Eq. (2.9) 

                                        (2.9) 

Considering the hydroxyl protonation and the different phosphate species 

dominated in different pH solutions, the following reactions may be included in 

phosphate removal through Kanuma mud: 

                     (2.10) 

                   (2.11) 

               (2.12) 

The overall reaction could be expressed as: 

            (2.13) 
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In the case of phosphate at different pH condition, the binding sites are protonated 

(M-OH2
+), Consequently, a higher coulombic attraction forces between the binding 

sites and phosphate in addition to chemical interaction leads to higher phosphate 

uptakes, which are shown in Eqs. (2.10) to (2.13). 

Further, phosphate-metal precipitation reaction seems to be an alternative 

explanation, which could be presented as:  

x
x POMMxPO )(3 43

3
4 =+ +−                                       (2.14) 

where M is metal component, such as Al, Fe, Ca, Si, etc.  

The phosphate adsorption by Kanuma mud can be profoundly affected while 

changing of pH value. The equilibrium phosphate removal efficiency slightly varied 

between 87.52 - 96.06 % when solution pH ranges from 3.0 to 6.0. The results (Figure 

2. 4b) showed that the removal efficiency of phosphate was founded at pH value of 6 

when Kanuma mud was used as absorbent. Figure. 2.4a and Eqs. (2.10) - (2.12) 

indicatd that monovalent dihydrogen phosphate (H2PO4
-) and divalent hydrogen 

phosphate (HPO4
2-) could be well adsorbed by Kanuma mud. The phosphate uptake 

decreased sharply with the increasing of pH value, especially at pH of 12 (0.144 mg 

g-1). This observation was possibly caused by the deprotonation of oxide/hydroxides 

under higher pH conditions which could be expressed as: 

+− +−→≡−≡ HOMOHM                                      (2.15) 

This reaction may result in a negative change of surface charge of Kanuma mud 

and hence the decrease of phosphate adsorption capacity. In addition, the functional 

group (-OH) were destroyed in the deprotonation process, leading to phosphate 
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release and decrease in phosphate adsorption due to electrostatic repulsion. Also, the 

competitive adsorption of OH− ions probably plays a significant role within high pH 

conditions.  

On the other hand, the phosphate uptake also decreased slowly with the decreasing 

of pH value in solution, which reduced to 74.27% at pH 1.5. As mentioned above, 

H2PO4
- could be removed effectively by Kanuma mud (Eq. (2.12)), thus H3PO4 seems 

difficult to be adsorbed (Figure 2.4a).  

Kanuma mud was found rich in Fe and Al contents (Table 2.1). These metal 

oxides and hydroxides are mainly existed as oxygen atoms and hydroxyl groups form 

on the surface, providing the absorbing sites for phosphate adsorption. The charges of 

metal oxides and hydroxides complexes in the materials are easily affected by 

solution pH, which also affects the phosphate adsorption. When pH value decreased, 

the metal oxides/hydroxides became unstable and started to dissolve, leading to the 

number decrease of adsorption sites for phosphate adsorption. The result is similar 

with that of M. Özacar [83] who claimed that maximum phosphate adsorption 

occurred at pH 5 using alunite, and also agrees with results of Xiong and Mahmood 

[67] who obtained the maximum phosphate adsorption at pH 6.5 and the adsorption 

amount decreased with either decreasing or increasing pH when using peat as a 

phosphate absorbent. 

 

2.3.5 Effect of temperature on phosphate adsorption 
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The effect of temperature on phosphate adsorption was investigated, and the 

results are shown in Figure 2.5a. The results showed that the phosphate adsorption 

from aqueous solution almost unchanged when initial concentration was 

comparatively low, but the phosphate uptake decreased with the increase of 

temperature when initial concentration of phosphate was higher than 5 mg L-1. The 

removal efficiency of 57.44% at 35 °C and increased to 61.84% at 25°C, 64.48% at 

5 °C, respectively. It is a rare (most of mineral absorbents was endothermic process.) 

in agreement with the reports on phosphate adsorption by peat [67] and fly ash [84]. It 

is obvious that the process of phosphate adsorption was an exothermic process of 

which decreasing of temperature enhances the phosphate uptake. In practical 

condition, the temperature of surface water, such as lake water is always lower than 

26 °C even in summer [85]. Kanuma mud could be utilized in low temperature and 

better removal efficiency would be achieved. 
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Figure 2.5. Effect of temperature and results of phosphate desorption rate: (a) Results of temperature for phosphate adsorption on 

Kanuma mud; Initial P concentration: 10 mg L-1. Dosage: 20 g L-1. Temperature: 5, 25 and 35 °C. (b) results of phosphate desorption 

rate from phosphate adsorbed Kanuma mud. Initial P concentration: 1, 2, 5, 10 and 15 mg L-1. Temperature: 25 ± 1 oC.

a b 
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2.3.6 Desorption study 

The phosphate desorption experiments were performed with 5 initial phosphate 

concentrations (1, 2, 5, 10 and 15 mg L-1) at pH value of 6 and room temperature. The 

adsorption capacity was calculated as 0.05, 0.11, 0.22, 0.35 and 0.46 mg g-1 with 

initial concentration of 1, 2, 5, 10 and 15 mg L-1, respectively. 

Figure 2.5b shows that almost no desorption occurred after phosphate adsorption 

onto Kanuma mud when phosphate adsorbed was lower than 0.11 mg g-1 at a dosage 

of 20 g L-1. With the increase of phosphate adsorbed on adsorbent, a little amount of 

adsorbed phosphate started to be desorbed. The result showed that 0.012 mg g-1 of 

adsorbed phosphate could be desorbed when initial P concentration is 15 mg L-1. 

Therefore, phosphate absorbed Kanuma mud may be suitable for applying as a soil 

fertilizer due to the slow release rate of absorbed phosphate. Thus, no further 

treatment was required for the phosphate adsorbed Kanuma mud. 

 

2.4 Conclusions 

According to this study, the Kanuma mud exhibited desirable phosphate 

adsorption ability. The adsorption process consisted of three steps: rapid, slow and a 

stable process. The former finished in 110 min and the latter extended to 24 h even 

more. The Freundlich isotherm model and pseudo-second-order model can well 

describe the sorption process. The phosphate adsorption efficiency mainly depended 

on pH and temperature, in which the optimal adsorption amount was the best at pH 6 

and comparatively low temperature can enhance the adsorption efficiency. The 
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phosphate sorption capacity was also related to the metal oxide component exist in 

Kanuma mud. A little amount of phosphate on the absorbent was desorbed. Besides, 

the Kanuma mud which adsorbed phosphate is friendly to the environment. No further 

treatment is required for phosphate absorbed Kanuma mud, and the absorbed 

absorbent can be used as soil fertilization. 
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Chapter 3 A novel tablet porous material developed as adsorbent for phosphate 

removal and recycling 

3.1 Introduction 

A large amount of phosphate discharged from untreated wastewaters, fertilizer 

industries, etc. into water body is often responsible for algal bloom and eutrophication 

[86-88], especially in lakes, reservoirs and coastal areas. On the other hand, P element 

is necessary for human beings, and the lack of P will limit food production for our 

growing world population [89]. Besides, phosphate can also be used in other areas, 

such as photocatalysis [90], electrochemistry [91] and bioceramics [92]. Phosphorus 

as an un-renewable resource is estimated to be depleted in 50 - 100 years based on 

current global reserves [93]. So P recycling from wastewater and reusing is important 

and urgent.  

Adsorption may be the most promising process when taking P removal efficiency, 

operation convenience, P recycling and reusing into consideration. Diverse adsorbents 

were tested for phosphate removal, such as peat [67], palygorskite [53], alunite [52], 

mussel shells [57], active red mud [94], ferric sludge [95], dolomite [21], and resin 

[47]. Although effective phosphate removals have been achieved, these adsorbents 

can’t be widely applied in practice due to their difficulties in separation from aqueous 

phase (powder materials, such as bentonite and red mud, etc) or high cost (resin). 

Thus some new, effective and low-cost adsorbents are still necessary to be developed 

to solve the above mentioned problems. 
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In Chapter 2, Kanuma mud was used for phosphate removal and exhibited 

effective phosphate removal efficiency. The composition of K-mud mainly consists of 

silicon and metal oxides, such as SiO2, Al2O3, Fe2O3, MgO, CaO, etc [70]. 

Further, in this chapter, a tablet porous material (TPM) was developed from 

K-mud, corn starch and calcium oxide to remove phosphate. Its physical, chemical 

and surface characteristics, isotherms model, and kinetic model were investigated. In 

addition, some influencing factors (such as dosage, pH and temperature) and TPM 

regeneration are also discussed.  

 

3.2 Materials and methods 

3.2.1 Synthesis of tablet porous material. 

K-mud (bought from the Makino Store, Kiyosu, Japan) was manually smashed 

and sieved, and the particles less than 300 µm were selected and used in this study. 

Corn starch and CaO (analytical reagent) were supplied by Wako Pure Chemical 

industries Ltd, Japan.  

The TPM was synthesized as the following process (Figure 3.1), and the 

developed TPM were cooled to room temperature and used in the following 

experiments. 
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Figure 3.1. The procedure of TPM synthesis. Mass ratio of K-mud: corn starch: 

CaO is 4: 0.5: 1. 
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3.2.2 Phosphate adsorption experiments 

A stock solution of 50 mg L-1 phosphate was prepared by dissolving KH2PO4 

(anhydrous, analytical grade) in deionized water. All the adsorption experiments were 

conducted more than triplicate in 50 mL test tubes in a thermostat (except the 

thermodynamics experiments). Considering practical condition, all experiments were 

performed without shaking. 

3.2.2.1 Isotherms experiment 

A number of 0.2 g TPMs were added into test tubes respectively under initial 

phosphate concentration ranged from 5 to 50 mg L-1 and initial pH 7.0. Then the test 

tubes were set in the thermostat (25 ± 1 oC). 

3.2.2.2 Kinetic experiment 

One gram TPM was individually dosed into test tubes containing 50 mL of 10 mg 

L-1 phosphate solution. The sampling time intervals were 5, 10, 20, 30, 90, 120 and 

180 min, respectively (initial pH 7.0, 25 ± 1 oC).  

3.2.2.3 Effect of pH  

Fifty milliliter phosphate solutions (10 mg L-1) were added respectively in 11 test 

tubes with 1 g TPM dosed. 0.1 M HCl or NaOH were used to adjust the initial 

solution pH ranged from 2.0 to 12.0. All the test tubes were capped to avoid 

evaporation and the pH values were determined after 2 h (25 ± 1 oC).  

3.2.2.4 Thermodynamics and effect of temperature 

The thermodynamics and influence of temperature on phosphate adsorption onto 

TPM was carried out at temperatures ranging from 288.15 to 308.15K with an initial 
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phosphate concentration between 5 and 20 mg L-1 (initial pH 7.0, a fixed TPM dose of 

4 g L-1).  

3.2.2.5 Effect of dosage 

Twenty mg L-1 of phosphate solution was used for adsorption under different TPM 

dosage (initial pH 7.0, 25 ± 1 oC). The TPM dosage varied from 5 to 50 g L-1.  

 

3.2.3 TPM regeneration and phosphate recycling test 

In this trial 50 mg L-1 of phosphate solution was used for TPM adsorption. After 

adsorption, the TPMs were collected and used for phosphate desorption. HCl (0.2 mol 

L-1 and 0.5 mol L-1) and NaOH (0.1 mol L-1) were utilized to test the possibility of 

phosphate recycling and TPM regeneration.  

 

3.2.4 Analytical methods 

TPM was characterized by Energy Dispersive X-Ray Spectroscopy and scanning 

electron microscope (SEM XL40 series philips, holland) to obtain its physical, 

chemical and surface characteristics; Brunauer-Emmett-Teller (BET) specific surface 

area was obtained by a analysis device (Coulter SA3100, US) using the He-N2 method. 

All the equilibrium phosphate concentration was analyzed with the ascorbic acid 

method (4500-P E) [71]. 

 

3.3 Results and discussion 

3.3.1 Characterization of TPM 



 

49 

Figure 3.2a is the photo of pristine TPM (Φ7mm, H2mm); the SEM images of 

TPM adsorbents (before and after phosphate adsorption) are illustrated in Figure 3.2b 

and Figure 3.2c. The images obviously showed that porous texture and structure were 

widely developed at the surface of TPM; it might be molded during the incineration 

process in which corn starch would be burned off leaving porous structure in TPM. 

The result indicated TPM would naturally develop a comparatively larger specific 

surface area that plays a positive effect on adsorption sites during phosphate 

adsorption onto TPM. Furthermore, the surface feature of TPM after phosphate 

adsorption was different with raw TPM to a certain degree, assuming that 

metal-hydroxyl-phosphate ligand component [96] and phosphate-metal chemical 

precipitation [97] might bring about these morphological changes of TPM surface 

during phosphate adsorption.   

The EDX result is shown in Figure 3.2d, and the detailed composition of TPM is 

summarized in Table 3.1.  
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Figure 3.2. TPM characterization: (a) photo of pristine TPM; (b) SEM image of TPM 

before phosphate adsorption, 5000x; (c) SEM image of TPM after phosphate 

adsorption, 5000x; (d) EDX results of TPM; (e) pore diameter distribution of TPM. 
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Clearly, TPM is mainly composed of silicon and metal oxides such as Al2O3, SiO2 

and CaO. Al2O3 was reported as a good adsorbent for phosphate by surface 

precipitation [98], and the added CaO in TPM could be transformed into calcium 

hydroxides in aqueous solution and supplied large amount of functional groups (Ca2+, 

OH-) to enhance the chemical precipitation and inner-sphere ligand exchange process. 

The result of specific surface area of TPM and K-mud (Table 3.1) showed that 

BET surface area was 107.04 m2 g-1 for raw K-mud and decreased to 15.401 m2 g-1 

for TPM, due to the fact that the particle size of raw K-mud lower than 300 µm while 

the diameter of TPM was about 7 mm. The specific surface area of TPM was similar 

with red mud, 14.09 m2 g-1 [94] but lower than hydrotalcite, 44 m2 g-1 [60]. In addition, 

the pore size distribution (Figure 3.2e) indicated that TPM was a typical mesoporous 

material according to IUPAC classification [73]. The proportion of pore diameter in 

the range from 20 to 80 µm, 6 to 20 µm and over 80 µm accounted for 42.51%, 

24.18% and 24.54%, respectively. Actually, the higher mass ratio of corn starch used 

as a pore-enhancer could increase the pore volume of TPM, but the structure stability 

of TPM would decrease with the increase of mass ratio of corn starch. In this study, 

the 9.09% (0.5/5.5) mass ratio of pore-enhancer was desirable in TPM synthesis 

process.  

  

 

 

 



 

52 

 

 

 

 

 

 

 

 

Table 3.1 The detailed results of EDX and specific surface area of K-mud and TPM. 

BET surface area  Total pore Volume 
Sample Values 

(m2 g-1) 
Monolayer 
volume (mL g-1) 

Correlation 
coefficient 

 
Values (mL g-1) 

K- mud 107.0 24.6 0.999  0.169 
TPM 15.4 4.11 0.998  0.085 

      
EDX analysis results (TPM) 

Fe2O3 MgO Al2O3 SiO2 CaO  
Content (%) 

14.7 9.1 24.5 29.8 21.9  
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3.3.2 Phosphate adsorption isotherms and performance of TPM 

The equilibrium uptake capacity of phosphate, qe (mg g-1), was calculated by Eq. 

(2.1). 

In order to examine the maximum phosphate adsorption capacity of TPM, 

Langmuir and Freundlich isotherm models were applied to fit the experimental data, 

which can be described as Eq. (2.2) and Eq. (2.3), respectively. 

The Langmuir model is often used to demonstrate a monolayer distribution of 

adsorbate within the adsorbent, and the Freundlich isotherm model usually tend to 

describe a heterogeneous adsorption process assuming that different sites with several 

adsorption energies were complex [75]. 

The corresponding isotherms constants of Langmuir and Freundlich models for 

phosphate adsorption on TPM were summarized in Table 3.2 and Figure 3.3d. The R2 

obtained from Eq. (2.2) and Eq. (2.3) were both higher than 0.98, indicating a very 

good mathematical fit by both models. And the correlation coefficient of Freundlich 

model (R2 = 0.990) greater than that of Langmuir model indicated that the phosphate 

adsorption through TPM is more like a multilayer adsorption process with diverse 

energetic distribution of adsorption sites and with interaction between adsorbed mass. 

This observation might also be contributed by the different phosphate affinities for 

various metal oxides existed in TPM. The estimated maximum adsorption capacity 

(qmax) obtained from Langmuir model is 4.39 mg g-1, which is close to the 

experimental maximum adsorption capacity, 4.01 mg g-1 when initial phosphate 

concentration is 80 mg L-1 (TPM dosage: 4 g L-1). 
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Table 3.2 The parameters of kinetics and isotherm models. 

Kinetics models 

Pseudo first-order model  Pseudo second-order model 
qe (mg g-1) k1 (min-1) R2  qe (mg g-1) k2 (g (mg min) −1) R2 
0.13 0.016 0.929  0.50 0.606 0.999 

       
Isotherm models 

Langmuir model  Freundlich model 
qmax (mg g-1) b (L mg-1) R2  Kf (mg g-1) n  R2 
4.39 0.243 0.986  1.66 3.89 0.990 
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Table 3.3 Comparison of maximum phosphate adsorption capability of TPM with 

other mineral adsorbents. 

Adsorbent  qmax
 (mg g-1) Source 

Na-natural zeolite 2.19 [72] 
Natural palygorskite 3.73 [53] 
Bentonite 5.54 [99] 
Red mud 0.58 [76] 
TPM 4.39 This study 
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Besides, The Kf of Freundlich model refers to the adsorption capacity of the 

adsorbent (qe = Kf, when Ce = 1 mg g-1) and is always related with temperature and 

the physical/chemical characteristics of adsorbents. The n of Freundlich model 

denotes the deviation from linearity of the adsorption, such as heterogeneity factor. It 

also indicates the intensity change of the adsorption process. A higher value of n (n > 

1) indicates favorable adsorption. It was also found that the newly developed TPM 

was superior to other natural clay mineral (mud) adsorbents based on their maximum 

phosphate adsorption capacities (Table 3.3), implying that TPM had the potential for 

phosphate removal from wastewater in practice. 

 

3.3.3 Kinetics and effect of contact time 

The effect of contact time and kinetics study is important to evaluate adsorption 

process and it can provide further information on the process mechanisms. In this 

study, pseudo first-order model and pseudo second-order model were applied to 

examine the kinetics of phosphate adsorption onto TPM. 

The pseudo first-order model is expressed as Eq. (2.4) [77] and can be simplified 

as Eq. (2.5) after integration with the boundary conditions being set(qt = 0 and qt when 

t = 0 and t, respectively). The pseudo second-order model is expressed as Eq. (2.6), 

which can be simplified as Eq. (2.7). 

The effect of contact time on TPM adsorption was shown in Figure 3.3a. 

Obviously, the phosphate removal process could be divided into two steps at the time 

of 30 min. This observation is similar with the report by Fox et al [100] who did the 
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experiments using river sediment, but much faster than other materials like modified 

bentonites [99]. 89.08% of removal efficiency was achieved at the first step (during 

the beginning 30 min). In this step, phosphate seemed to be removed through surface 

adsorption [67], and the more available vacant adsorption sites added advantageous 

effects to this removal process [60]. The second step started from 30th min to the 

equilibrium, about 120 min. Only a small amount of phosphate was removed in the 

second step possibly due to the decrease of vacant adsorption sites on the surface of 

TPM.  
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Figure 3.3. The results of phosphate adsorption experiments: (a) effect of contact 

time; (b) effect of pH; (c) calculation of pseudo second-order model; (d) calculation 

of Langmuir and Freundlich isotherm model. 
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The constants of pseudo first-order model and pseudo second-order model are 

given in Table 3.2. Based on the correlation coefficients obtained, it is clearly that the 

phosphate adsorption process onto TPM could be well described by pseudo 

second-order model under the experimental conditions (Figure 3.3c).  

 

3.3.4 Phosphate removal mechanisms and effect of pH 

Metals mainly exist as oxides and hydroxides in TPM (Table 3.1), which could 

provide adsorption sites for phosphate. Phosphate is usually considered to be removed 

through an inner-sphere ligand exchange mechanism [81]. Considering that different 

phosphate species dominated in different pH solutions, the following reactions may be 

included in phosphate removal through TPM adsorption: 

(1) Surface hydroxyl deprotonation and protonation [79]: 

+− +−→≡−≡ HOMOHM                                       (3.1) 

++ −→≡+−≡ 2OHMHOHM                                     (3.2) 

(2) Phosphate-hydroxyl monodentate and protonation of adsorbed phosphate: 

   OHPOMHPOOHM 2
2
4

2
4 +−→≡+−≡ −−                            (3.3) 

   OHHPOMHPOHOHM 2
2
442 2 +−−→≡++−≡ +−+−                 (3.4) 

+−+− −−→≡++−≡ 2
3
4

3
4 OHPOMHPOOHM                        (3.5) 

where M is metal component, such as Al, Fe, Ca, etc.  

Meanwhile, phosphate dissociation equilibrium in aqueous solution is 

pH-depended, which can be presented as [54]: 

   +− +↔ HPOHPOH 4243  pK1 = 2.16 (pH ≤ 5.0);                      (3.6) 

   +−− +↔ HHPOPOH 2
42 4

 pK2 = 7.20 (5.0 < pH ≤ 10.0);                 (3.7) 
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+−− +↔ HPOHPO 3
4

2
4    pK3 = 10.3 (pH > 10.0)                      (3.8) 

The ligand ion exchange process may influence the pH value of adsorbent-liquid 

system [101]; on the other hand, protonation and deprotonation reactions are easily 

affected by pH change. Figure 3.3b shows the results of phosphate removal by TPM 

adsorption under different initial solution pHs.  

Restated, pH plays a significant effect on phosphate removal through TPM 

adsorption. The equilibrium phosphate removal efficiency almost remained 

unchanged (slightly varied within 96.59 - 97.79%) within solution pH range from 5.0 

to 9.0. Eq. (3.7) shows that the dominant phosphate species should be monovalent 

dihydrogen phosphate (H2PO4
-) and divalent hydrogen phosphate (HPO4

2-) when pH 

varied from 5.0 to 9.0, indicating that these two types of phosphate could be well 

adsorbed by TPM (Eq. (3.3) and (3.4)). The optimum pH value for phosphate removal 

was around pH 6.0. This result was in accordance with those of M. Özacar [83] and 

Yan et al [99] who used alunite and Fe-Al modified bentonite as phosphate absorbent, 

respectively. It is known that extreme pH conditions are scarcely encountered in 

natural surface water bodies or wastewater treatment plants, thus TPM could be used 

in practice without pH adjusting. 

The phosphate removal efficiency decreased with further increase in solution pH 

and sharply decreased when pH > 10.0. At pH 12.0, the removal efficiency reduced to 

78.06%, possibly caused by the deprotonation of oxide/hydroxides under higher pH 

conditions (Eq.( 3.1)). This process may resulted in a negative change of surface 

charge of TPM and hence the decrease of phosphate removal efficiency. In addition, 
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the functional group (-OH) may be destroyed in the deprotonation process, leading to 

phosphate release and decrease in phosphate adsorption because of electrostatic 

repulsion. Furthermore, the competitive adsorption of OH− ions probably plays an 

important role under high pH conditions.  

On the other hand, phosphate removal efficiency exhibited a decrease trend with 

the decrease in solution pH when pH ≤ 3.0 (Figure 3.3b), which reduced to 47.89% at 

pH 2.0. Eq. (3.6) showed that the dominant phosphate species in the solution were 

H2PO4
- and H3PO4 when pH was lower than 3.5. As mentioned above, H2PO4

- could 

be removed effectively by TPM (Eq. (3.4)), thus H3PO4 seems unable to be adsorbed 

onto TPM surface. Further, under extremely low pH conditions, metal 

oxides/hydroxides might become unstable and started to dissolve because of large 

amount of H+ coexisted in the solution, resulting in the decrease of adsorption sites for 

phosphate adsorption.  

 

3.3.5 Effect of temperature and thermodynamics 

The influence of temperature on phosphate removal by TPM adsorption was 

conducted at 288.15 K, 298.15 K and 308.15 K, respectively. The result (Figure 3.4a, 

initial phosphate concentration 20 mg L-1) showed that phosphate removal increased 

with the increasing of temperature when TPM used as adsorbent. It strongly proved 

that phosphate removal process by TPM adsorption was an endothermic in nature, 

implying that the rising in temperature would enhance the binding tendency of 

phosphate onto the interface between TPM and phosphate [102].  
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Figure 3.4. Effect of temperature and dosage: (a) effect of temperature on phosphate removal using TPM. Ce: phosphate concentration; 

E: removal efficiency; (b) effect of dosage on phosphate removal using TPM. 
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To confirm the feasibility of this removal process, the thermodynamic parameters 

of phosphate removal onto TPM including free energy (G), enthalpy (H) and entropy 

(S) were calculated by the equations followed [103]: 

   TPMKRTG ln−=∆                                            (3.9) 

   STHG ∆−∆=∆                                              (3.10) 

where KTPM is the thermodynamic equilibrium constant of the removal process using 

TPM. It was computed by plotting ln(qe/Ce) versus qe and extrapolating qe to zero. R 

is the universal gas constant (8.314 J mol−1 K−1), T is the temperature (K) of 

experiment.  

The values of ∆ H, ∆ G and ∆ S are summarized in Table 4.4. The negative 

values of ∆ G indicated that the phosphate removal process by TPM adsorption was 

favorable, spontaneous and endothermic under natural temperature conditions [99]. 

The values of ∆ G decreased from -2.08 kJ mol-1 to -3.08 kJ mol-1 with the 

temperature increased from 288.15 K to 308.15 K, indicating more efficient 

adsorption at higher temperature. The positive values of ∆ S revealed that the 

increasing randomness at the adsorbent-aqueous interface during the phosphate 

removal onto TPM [50]. Furthermore, the positive values of enthalpy (∆ H) strongly 

proved the endothermic nature of this removal process, which was high enough to 

ensure strong interaction between adsorbents and adsorbates. The increase of 

phosphate removal capacity of TPM under higher temperature may be resulted from 

the activations or enlargement of pore size of TPM surface [99]. This observation is 
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similar with the reports when using modified bentonites and aleppo pine as adsorbent, 

respectively [99, 104]. 
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Table 3.4 Thermodynamic parameters for phosphate adsorption on TPM at initial pH 

7, initial phosphate concentration 20 mg L-1 and dosage of 4 g L-1. 

∆ G (kJ mol-1) ∆ S (J mol-1 K-1) ∆ H (kJ mol-1) 

288.15 K 298.15 K 308.15 K 

-2.08 -2.89 -3.08 
49.6 12.1 
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3.3.6 Effect of dosage 

The effect of dosage on phosphate adsorption is illustrated in Figure 3.4b. The 

results showed that phosphate removal efficiency increased with the increase of TPM 

dosage, due to that more surface area and adsorption functional sites were available 

under higher TPM dosage conditions. The phosphate removal efficiency increased to 

94.32% at TPM dosage of 50 g L-1. In contrast, the phosphate adsorption capacity (qe, 

mg g-1) decreased with the increase of TPM dose, from 2.385 mg g-1 at dosage of 5 g 

L-1 to 0.377 mg g-1 at dosage of 50 g L-1, respectively. 

In addition, different initial concentration of phosphate seemed to affect qe which 

increased under higher initial phosphate concentration even under the same dosage of 

TPM. For example, qe was 0.495 mg g-1 at initial concentration of 10 mg L-1 and 

increased to 0.836 mg g-1 at initial concentration of 20 mg L-1, respectively. The result 

indicated that the phosphate adsorption saturation could not be reached under lower 

initial phosphate levels due to lower contact opportunity with TPM surface [95]. In 

addition, the desirable adsorption onto TPM at higher initial phosphate levels may 

also be resulted from a greater driving force under higher concentration gradient 

pressure [105]. 

 

3.3.7 Phosphate recycling and TPM regeneration 

Based on its un-renewable resource attribute, the reclamation of phosphate from 

P-adsorbed TPM is a good approach for alleviating the phosphorus shortage. 
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Moreover, the further application of TPM in practice depends not only on TPM 

adsorption potential but also on its reusability. 

Twenty gram of TPM were dosed in 550 mL of phosphate solution (50 mg L-1). 

The phosphate adsorbed on TPM was calculated as 1.316 mg gTPM-1 through Eq. 

(2.1) when equilibrium was achieved. The recycling quantities can be estimated by Eq. 

(3.11): 

1000
1

1

∑
∑ =

=

=

n

i
iin

i
i

VC
Q                                                (3.11) 

where Qi (g) is the recycled phosphate from TPM, n is the times of soaking treatment, 

Ci (mg L-1) and Vi (mL) is the concentration and volume of the eluant, respectively. 

The procedure of phosphate recycling and TPM recovery is exhibited in Figure 3.5. 
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Figure 3.5. The procedure of phosphate recycling and TPM recovery.  
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The data of phosphate loading on TPM (before and after regeneration) in each 

cycle are shown in Figure 3.6. The experiment showed that TPM could be recovered 

under different HCl concentrations and the adsorbed phosphate could be recycled in 

the recovery process. According to the results, 70.29% of adsorbed phosphate could 

be totally recycled in 5 cycles when 0.2 mol L-1 HCl used as eluant (Figure 3.6a, n = 2, 

V = 50 mL). The phosphate adsorbed and desorbed was calculated as 4.91 mg and 

3.45 mg, respectively. In contrast, 88.85% of phosphate adsorbed could be recycled 

during 3 cycles when 0.5 mol L-1 of HCl were used (Figure 3.6b, n = 1, V = 50mL); 

but the phosphate adsorbed and desorbed was only 1.88 mg and 1.67 mg, respectively. 

As the result shown, TPM recovery and phosphate recycling depended on the 

concentration of H+ in eluant. H+ ions might destroy the functional group (-OH) hence 

the releases of phosphate [57]. In addition, the dissolution of phosphate-metal 

precipitation might occur under sufficient H+ ions. The results showed that high HCl 

concentration had disadvantageous effect on the phosphate removal capacity of TPM. 

The results also indicated that high concentration of HCl had negative effect on the 

phosphate removal capacity of TPM. That is an improper concentration of HCl used 

as eluent would result in a decrease of phosphate removal capacity and recovery 

cycles. In this study, the removal capacity decreased sharply at 4th cycle and 2nd 

cycle when 0.2 mol L-1 and 0.5 mol L-1 HCl used, respectively. This observation 

implied a higher potential reusability of TPM for phosphate adsorption when 0.2 mol 

L-1 HCl used as eluant. Furthermore, little effect was observed when 0.1 mol L-1 

NaOH used as eluent, disagreeing with the result of Ramesh et al [106] who used 
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akaganeite as adsorbent for phosphate removal. This might be attributed to the 

different compositions between akaganeite and TPM.  
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Figure 3.6. TPM recovery and phosphate recycling: (a) Eluant: 0.2 mol L-1 HCl; (b) Eluant: 0.5 mol L-1 HCl. 
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3.4 Conclusions 

In this study, the TPM developed from Kanuma mud, corn starch and CaO was 

utilized for phosphate removal. The TPM exhibited excellent phosphate adsorption 

ability. The Freundlich isotherm model and pseudo-second-order model matched the 

removal process well. The estimated maximum adsorption capacity was 4.39 mg g-1, 

better than many other clay mineral adsorbents. The removal process reached its 

equilibrium in approximately 2 h, and 89.08% of removal process was achieved in the 

beginning 30 min. Furthermore, phosphate removal efficiency mainly depended on 

pH and temperature variations. The desirable pH range for phosphate adsorption onto 

TPM was pH 5.0 - 9.0 and relatively higher temperature could have advantageous 

effect on the removal efficiency. According to the thermodynamics result, the 

phosphate removal onto TPM was a spontaneous and endothermic process. In 

addition, phosphate adsorbed could be recycled using HCl as eluant. The preliminary 

tests indicated that the recovered TPM could be recycled for 5 times for phosphate 

removal application under the optimum conditions. 
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Chapter 4 Electrochemically modified novel tablet porous material developed as 

adsorbent for phosphate removal from aqueous solution 

4.1 Introduction 

The wide utilization of P-fertilizers in agriculture and industry enhances the 

nutrient element load when P residual and waste discharged into water bodies without 

any treatment. It causes many environmental issues [60, 61], one of the most severe 

problems is eutrophication in surface water bodies [107]. It causes the deterioration of 

aquatic ecosystems and the death of aquatic animals [108]. In most cases, phosphorus 

content is the limiting factor in eutrophication [12]. In a word, the removal of 

phosphorus has become the focus of investigation by many researchers. 

Many techniques have been developed for phosphorus removal such as biological 

phosphorous removal processes [109], chemical precipitation [63], crystallization [66], 

electrochemical [110] and membrane bioreactor (MBR) [111]. Among these 

technologies, Electrochemical (coagulation) method is one worth mentioning because 

of its high removal efficiency [112], more than 90% of phosphate can be removed 

under optimum conditions. With regard to electrochemistry, defects are also obvious: 

such as the difficulty in utilizing it for large amounts of wastewater treatment and the 

problems of in-situ treatment. The results in chapter 3 showed that effective phosphate 

removal efficiency could be achieved by adsorption method. In this situation, the 

combination of electrochemical method and adsorption can be regarded as a good 

alternative for phosphate removal [113].   
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Kanuma mud is a kind of geomaterial abundant in Japan. Kanuma mud possesses 

some functional physical and chemical abilities such as high permeability, water 

retention property and porosity. In Chapter 3, a tablet porous material (TPM) 

consisting of Kanuma mud, corn starch, white cement, iron powder and calcium oxide 

was successfully developed. In this chapter, TPMs were modified by an ESM process 

and then utilized to remove phosphate. The physical, chemical and surface 

characteristics, isotherms model, and kinetic model were investigated. In addition, 

some influencing factors (such as pH, temperature and selectivity) are also discussed. 

 

4.2 Materials and methods 

4.2.1 Synthesis of tablet porous material 

Kanuma mud was manually smashed and sieved; particle sizes less than 300 µm 

were selected. Corn starch, white cement, iron powder and CaO (analytical reagent) 

were supplied by Wako Pure Chemical Industries Ltd, Japan. White cement was 

supplied by DAISO INDUSTRIES Co., LTD, Japan. The tablet porous material was 

synthesized using the following steps (the same to Figure. 3.1, Chapter 3): (a) 

Smashed Kanuma mud, corn starch, iron powder, white cement and CaO were 

uniformly mixed with a mass ratio of 3: 0.5: 1: 1: 1. (b) Deionized water was then 

added into the mixture to assist the cohesion process. (c) A granulation procedure was 

performed on the tablet granules at room temperature. (d) The resulting tablet 

granules were naturally dried at room temperature for 24 h and then calcined for 1 h 

in a muffle furnace at 600 oC. 
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4.2.2 Preparation and ESM process 

A cylindrical electrochemical cell (volume: 500 mL) was designed (Figure 4.1). 

Two Fe plates were used as the cathode and anode, set at a 10 mm plate distance. The 

areas of the anode and cathode immersed in the treated solution were both 35 cm2. A 

DC potentiostat (Takasago, EX1500H2) with a voltage range of 0 - 240 V and a 

current range of 0 - 25 A was employed as power supply for ESM process of TPM. A 

weighed amount (20 g) of TPM was introduced between the two Fe plates, to which 

was added 0.5 L NaCl solution (electrolyte) with a concentration of 0.25 g L-1 at a pH 

of approximate 6.7. The modification process was performed for 25 - 30 min (current: 

0.25 A) and soaked in the electrolyte for 24 h. Finally, the soaked TPM was calcined 

again in a muffle furnace at 600 oC for 30 min and named as electrochemical-TPM 

(ECTPM). 
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Figure 4.1. Diagram of the electrochemical apparatus. 
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4.2.3 Phosphate adsorption experiments 

A stock solution of 50 mg L-1 phosphate was prepared by dissolving KH2PO4 

(anhydrous, analytical grade) in deionized water. All the adsorption experiments were 

conducted in triplicate in 50 mL test tubes in a thermostat (298.15K, 303.15K and 

308.15K were selected in thermodynamics experiments); all experiments were 

performed without shaking to simulate practical conditions. 

4.2.3.1 Isotherms experiment 

A number of 0.2 g ECTPMs were added into test tubes under initial phosphate 

concentrations range from 5 to 50 mg L-1 (50 mL) and initial pH 7.0 respectively. 

Then the test tubes were set in the thermostat (25 ± 1 oC). 

4.2.3.2 Kinetic experiment 

One gram ECTPM was individually dosed into test tubes containing 50 mL of 10 

mg L-1 phosphate solution. The sampling time intervals were 5, 10, 20, 30, 90, 120 

and 180 min, respectively (initial pH 7.0, 25 ± 1 oC).  

4.2.3.3 Effect of pH  

50 mL phosphate solutions (10 mg L-1) were added respectively to 11 test tubes 

with 1 g ECTPM doses. Different volume of 0.1 M HCl and NaOH were dosed to 

adjust the initial solution pH ranging from 2.0 to 12.0 under stirring by a magnetic 

stirrer. All the test tubes were capped to avoid evaporation and the pH values were 

determined after 2 h (25 ± 1 oC).  

4.2.3.4 Thermodynamics and effect of temperature 
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A series of 5, 10, 15 and 20 mg L-1 of phosphate solution were used in this test to 

evaluate the effect of temperature under conditions of an initial pH of 7.0 and dosage 

of 4 g ECTPM L-1, and 298.15, 303.15 and 308.15 K were selected for practical 

purposes.  

4.2.3.5 Effect of selectivity. 

A series of 5, 10, 15 and 20 mg L-1 of phosphate solution were used for adsorption 

in the presence of different concentration of nitrate (A series of 10, 20, 30, 40 and 50 

mg L-1, initial pH 7.0, 25 ± 1 oC). The selectivity of phosphate adsorption onto 

ECTPM and TPM was tested.  

 

4.2.4 Analytical methods 

ECTPM was characterized by Energy Dispersive X-Ray Spectroscopy (JED-2200, 

JEOL Ltd, Japan) and scanning electron microscope (Field Emission Scanning 

Electron Microscope, JSM-6330F, JEOL Ltd, Japan) to obtain its physical, chemical 

and surface characteristics; Brunauer-Emmett-Teller (BET) specific surface area and 

BJH pore distribution were obtained by an analysis device (Coulter SA3100, US) 

using the He-N2 method. All the equilibrium phosphate concentration was analyzed 

with the ascorbic acid method (4500-P E) [71]. 
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Figure 4.2. Characterization: (a) SEM image of TPM, 10000x; (b) SEM image of 

electrochemical surface modified TPM (ECTPM), 10000x; (c) Fe mapping of TPM 

surface, 10000x; (d) Fe mapping of ECTPM surface, 10000x; (e) pore diameter 

distribution of TPM and ECTPM; (f) photo of pristine TPM (left) and ECTPM (right). 
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4.3 Results and discussion 

4.3.1 Characterization  

Figure 4.2a is SEM image of TPM, 10000x; and Figure 4.2b is SEM image of 

surface modified TPM (ECTPM), 10000x. The images obviously show that micro floc 

were present widely after surface modification through the ESM process. The 

reactions could be expressed as [114]: 

Reactions at the cathode: 

   −− +→+ OHgasHeOH 3)(
2

3
33 22                                   (4.1) 

Reactions at the anode and surface of TPM: 

   −+ +→ eaqueousFesolidFe 8)(4)(4 2                                 (4.2) 

At the presence of dissolved oxygen in solution: 

   )(8)(4)()(10)(4 322
2 aqueousHOHFegasOliquidOHaqueousFe ++ +→++  (4.3) 

Overall reaction in system: 

   )(4)()(4)()(10)(4 2322 gasHsolidOHFegasOliquidOHsolidFe +→++    (4.4) 

It could be concluded that the Fe-hydroxyl component might bring about these 

morphological changes to TPM surface during the ESM process. It was proved 

through Fe mapping. Figure 4.2c shows the Fe mapping of pristine TPM surface, and 

Figure 4.2d shows the Fe mapping of ECTPM surface, it is obvious that ESM could 

largely enhance the Fe distribution on the surface of adsorbent. This observation also 

indicates ECTPM would develop a more positive effect on adsorption sites than that 

of TPM in phosphate adsorption [55]. Furthermore, the porous texture and structure 

were increasingly developed at the surface of ECTPM than TPM; suggesting it might 
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be formed during the ESM process where part of the iron powder was oxided into 

Fe3+ resulting in a porous texture. 

The EDX result is shown in Table 4.1. It was obvious that TPM was mainly 

composed of metal oxides such as Fe2O3, Al2O3, SiO2 and CaO. Fe2O3 [55] and Al2O3 

[98] are reported as a good adsorbent for phosphate by surface precipitation, and CaO 

in TPM can be transformed into calcium hydroxides enhancing the inner-sphere 

ligand exchange process. Meanwhile, the surface component of ECTPM is much 

different from TPM, where the mass of Fe obviously increased. This observation is in 

agreement with the Fe mapping of the adsorbent surface (Figure 4.2c, Figure 4.2d). 

The results of specific surface area of TPM and ECTPM (Table 4.1) show that 

BET surface area is 15.59 m2 g-1 for TPM and increased to 16.12 m2 g-1 for ECTPM, 

indicating that ESM could slightly enhance the specific surface area of TPM. The 

specific surface area of ECTPM and TPM was similar with the use of red mud, 14.09 

m2 g-1 [94] but lower than hydrotalcite, 44 m2 g-1 [60]. In addition, the BJH pore size 

distribution (Figure 4.2e) indicates that ECTPM and TPM is still a typical 

mesoporous material according to IUPAC classification [73], and ESM could slightly 

enhance the pore volume. Furthermore, the higher mass ratio of corn starch used as a 

pore-enhancer was major means to increase the pore volume of TPM, but the structure 

stability of TPM would decrease with the increase in mass ratio of corn starch. In this 

study, the 0.5/6.5 mass ratio of pore-enhancer was desirable in the TPM synthesis 

process.   

 



 

82 

 

 

 

 

 

 

Table 4.1 The results of BET and EDX analysis for ECTPM and TPM 

BET surface area Total pore Volume 
Sample 

Values (m2 g-1) Monolayer volume (mL g-1) Values (mL g-1) 

TPM 15.59 4.13 0.0974 
ECTPM 16.12 4.25 0.1057 

 
Results of EDX analyasis 

Content (%) Fe2O3 MgO Al2O3 SiO2 CaO 

TPM 25.1 8.0 21.5 26.2 19.2 
ECTPM 31.7 6.8 19.7 23.8 18.0 
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4.3.2 Adsorption isotherms 

The equilibrium uptake capacity of phosphate, qe (mg g-1), was calculated by the 

Eq. (2.1). In order to examine the maximum phosphate adsorption capacity of 

ECTPM and TPM, Langmuir and Freundlich isotherm models were applied to fit the 

experimental data, which can be described as Eq. (2.2) and Eq. (2.3), respectively 

[115]. 
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Figure 4.3. The curve of the Langmuir and Freudlich models for phosphate adsorption 

on TPM and ECTPM. Initial P concentration: 5 to 50 mg L-1. Temperature: 25 ± 1 oC. 

Dosage: 4 g L-1. 
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Table 4.2 The parameters and constants of Langmuir and Freundlich models for 

phosphate adsorption on TPM and ECTPM. 

Langmuir model Freundlich model 
 

qmax (mg g-1) b (L mg-1) R2 Kf (mg g-1) n  R2 

TPM 3.61 0.535 0.901 1.62 4.187 0.973 
ECTPM 5.36 0.271 0.924 1.77 3.231 0.988 
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The Langmuir model is often used to exhibit a monolayer distribution of solute 

within the adsorbent and the Freundlich isotherm model usually tends to describe a 

complex heterogeneous adsorption process assuming that different functional sites 

with several adsorption energies were heterogeneous [75]. 

The parameters and constants of Langmuir and Freundlich models for phosphate 

adsorption on TPM and ECTPM are summarized in Table 4.2. Figure 4.3 is the curve 

of Langmuir and Freundlich model for phosphate adsorption on TPM and ECTPM. 

Both of R2 obtained from the Langmuir and Freundlich models were over 0.90; 

indicating a good mathematical match by both models. The correlation coefficient of 

the Freundlich model (0.973 of TPM and 0.988 of ECTPM, respectively) were higher 

than those of the Langmuir model, indicating that the phosphate adsorption through 

TPM or ECTPM seems to a multilayer adsorption process with several adsorption 

energetic distributions of functional sites and with interaction between adsorbed 

solute. 

The estimated maximum adsorption capacity of TPM and ECTPM were 3.61 and 

5.36 mg g-1, respectively. It is obvious that ESM process used as a modification 

method could enhance adsorption abilities of TPM on phosphate removal. In addition, 

Kf is an indicator of adsorption capacity and n indicates the effect of concentration on 

the adsorption capacity and represents the adsorption intensity (dimensionless). A 

higher value of n (n > 1) indicates favorable adsorption. It was also found that the 

TPM and ECTPM are superior to other natural clay mineral (mud) adsorbents based 
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on their maximum phosphate adsorption capacities (Figure 4.4a), implying that TPM 

or ECTPM has the potential for phosphate removal from wastewater in practice. 
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Figure 4.4. (a) Comparison of maximum phosphate adsorption capability between ECTPM (TPM) and other mineral adsorbents. Zeo.: 

Na-natural zeolite [72]; Paly.: Natural palygorskite [53]; Bent.: Bentonite [99]; Red mud [76]. (b) Distribution diagram for phosphate present as 

different protonated species as a function of pH [80].

a b 
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4.3.3 Effect of contact time and kinetics 

A kinetics study is important to evaluate the adsorption process and it can provide 

further information on the process mechanisms. In this study, a pseudo first-order 

model and pseudo second-order model were applied to examine the kinetics of 

phosphate adsorption onto TPM and ECTPM. 

The pseudo first-order model is expressed as Eq. (2.4) [77] and can be simplified 

as Eq.(2.5) after integration with the boundary conditions being set (qt = 0 and qt when 

t = 0 and t, respectively). The pseudo second-order model is expressed as Eq. (2.6), 

which can be simplified as Eq. (2.7). 

The effect of contact time on phosphate adsorption is shown in Figure 4.5. It is 

obvious that the phosphate removal process onto TPM and ECTPM reflect a 

three-step natural process: a fast reaction step at 0 - 45 min; a low reaction step at 45 - 

120 min and an equilibrium step after 120 min. The fast step is similar to the report by 

Fox et al [100] who undertook experiments using river sediment, but much faster than 

other materials like modified bentonites [99]. 96.37 % of the removal process was 

finished in the first step (during the first 45 min). In this step, phosphate seemed to be 

removed through surface adsorption [67], and more available vacant adsorption sites 

supplied advantageous effects on this removal process [60]. The slow step occurred 

from the 45 min to 120 min. Only a small amount of phosphate was removed in this 

step mainly due to the decrease of vacant adsorption sites on the surface of TPM. The 

equilibrium was achieved at the 120 min, no further removal efficiency reflected in 

the equilibrium step (Step 3).  
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The constants of the pseudo first-order model and pseudo second-order model are 

given in Table 4.3, and the pseudo second-order model plots of phosphate adsorption 

are shown in Figure 4.5. Based on the correlation coefficients obtained, it is clear that 

the phosphate adsorption process onto TPM and ECTPM could be well described by 

pseudo second-order model under the experimental conditions.  
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Figure 4.5. The effect of contact time on phosphate adsorption by TPM and 

ECTPM (lower inset shows pseudo second-order model plot of phosphate 

adsorption). 

Initial P concentration: 10 mg L-1. Temperature: 25 ± 1 oC. Dosage: 20 g L-1. 
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Table 4.3 The constants of kinetic models for phosphate adsorption on TPM and 

ECTPM.  

Pseudo first-order model  Pseudo second-order model  

qe (mg g-1) k1 (min-1) R2  qe(mg g-1) k2 (g (mg min) −1) R2 

TPM 0.776 0.0123 0.865  0.499 0.538 0.999 
ECTPM 0.125 0.0162 0.933  0.501 0.838 0.999 
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4.3.4 Removal mechanism and the effect of pH 

Phosphate dissociation equilibrium in aqueous solution are pH-dependent, which 

can be presented as [97]: 

   −− +=+ OHPOHOHPOH 43242                                    (4.5)     

   −−− +↔+ OHPOHOHHPO 422
2

4
                                   (4.6) 

   −−− +↔+ OHHPOOHPO 2
42

3
4                                      (4.7)   

   −+ += OHHOH 2                                                (4.8) 

These protonation reactions are summarized in Figure 4.4b. Clearly, with pHs 

ranging from 5 to 10, the majority species are H2PO4
- and HPO4

2-. For a detailed 

description, the H2PO4
- prevailed when pH ranged from 5 to 7 and the concentration 

of HPO4
2- is higher when pH ranged from 7 to 10; For pH ranging from 10 to 12, 

HPO4
2- dominated than PO4

3- and PO4
3- becomes significant when pH is higher than 

12. Metals mainly exist as oxides and hydroxides in TPM, which could provide 

adsorption sites for phosphate. It is well known that phosphate is usually considered 

to be removed through an inner-sphere ligand exchange mechanism [81].  

Considering that different phosphate species dominate in different pH solutions, 

the following reactions may be included in phosphate removal through TPM 

adsorption [55]: 

   OHMPOHPOMOH 2
2
4

3
4 +⇔≡++≡ −+−                             (4.9) 

   OHHMPOHPOMOH 24
3
4 2 +⇔≡++≡ −+−                         (4.10) 

   OHHMPOHPOMOH 224
3
4 3 +⇔≡++≡ +−                          (4.11) 
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In addition, phosphate-metal precipitation reaction seems to be an alternative 

explanation. It can be presented as:  

x
x POMxPOM )(3 43

3
4 =+ −+                                       (4.12) 

where M is metal component, such as Al, Fe, Ca, Si, etc. 

Eq. (4.1) to Eq. (4.4) clearly shows that ESM could enhance the quantities of 

functional groups (-OH and Fe3+), thus a higher phosphate adsorption capacity onto 

ECTPM could occur than for TPM. 

Figure 4.6 shows the results of phosphate removal by TPM and ECTPM 

adsorption under different initial solution pH. It is obvious that the phosphate 

adsorption capacity of ECTPM was higher than that of TPM, indicating that more 

-OH and Fe3+ due to the ESM process could enhance the adsorption capacity. In 

addition, Figure 4.6 also shows that pH change plays a significant effect on phosphate 

removal through TPM and ECTPM adsorption. The equilibrium phosphate removal 

efficiency remained almost unchanged (slightly varied within 90.35 - 93.04% onto 

ECTPM and 87.95 - 90.49% onto TPM, respectively.) within solution pH range from 

5.0 to 9.0. Figure. 4.6 and Eq. (4.6) shows that the dominant phosphate species should 

be H2PO4
- (monovalent dihydrogen phosphate) and HPO4

2- (divalent hydrogen 

phosphate) when pH varied within 5.0 to 9.0, indicating that H2PO4
- and HPO4

2- could 

be well adsorbed by TPM and ECTPM (Eq. (4.10) and (4.11)). The optimum pH 

value for phosphate removal was around pH 6.0. This result agrees with those of M. 

Özacar [83] and Yan et al [99] who used alunite and Fe-Al modified bentonite as 

phosphate absorbent, respectively. It is known that extreme pH conditions are scarcely 
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encountered in natural surface water bodies or wastewater treatment plants, thus 

ECTPM and TPM could be used in practice without pH adjustment and the ESM 

process was also proved to be a novel feasible surface modification process. 

The phosphate removal efficiency decreased with further increase in solution pH 

and sharply decreased when pH higher than 10.0. At pH 12.0, the P removal 

efficiency reduced to 71.10% and 66.28% onto ECTPM and TPM, respectively, 

possibly caused by the deprotonation of oxide/hydroxides under higher pH conditions 

which could be expressed by following equation: 

+− +−→≡−≡ HOMOHM                                      (4.13) 

 This process may result in a negative change of surface charge of ECTPM and 

TPM hence the decrease of phosphate removal efficiency. In addition, the functional 

group (-OH) may be destroyed in the deprotonation process, leading to phosphate 

release and decrease in phosphate adsorption because of electrostatic repulsion. 

Furthermore, the competitive adsorption of OH− ions probably plays an important role 

under high pH conditions.  

On the other hand, phosphate removal efficiency exhibited a decreasing trend with 

the decrease in solution pH when the pH was lower than 3.0 (Figure 4.6), which 

reduced to 51.33 % onto ECTPM and 47.89% onto TPM at pH 2.0, respectively. Eq. 

(4.12) showed that the dominant phosphate species in the solution were H2PO4
- and 

H3PO4 when pH was lower than 3.5 (Figure 4.6). As mentioned above, H2PO4
- could 

be removed effectively by ECTPM and TPM; it is assumed that H3PO4 seems unable 

to be adsorbed onto ECTPM and TPM surfaces considering the decrease in removal 
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efficiency. Further, under extremely low pH conditions, metal oxides/hydroxides 

might become unstable and start to dissolve because of large amount of H+ coexisted 

in the solution, resulting in the decrease of adsorption sites for phosphate adsorption. 

Figure 4.6 also shows the comparison of pH change between initial pH and 

equilibrium pH. It is well known that the process of ligand exchange could enhance 

the pH value of the adsorbate-liquid system which is caused by the release of OH- and 

the consumption of H+ [81]. Further, the release of OH- may also be attributed to a 

metal oxidation hydrolyze, which can be described by following equation [82]:  

−+ +→+ yOHxMOyHOM xy
yx 2)/2(

2                               (4.14) 

In this study, it could be easily observed that equilibrium pH was much higher 

than initial pH after the phosphate adsorption process onto ECTPM and TPM, 

strongly proving that a ligand ion exchange process and metal oxidations hydrolyze 

might occur during the adsorption process. The results also shows that more OH- 

(higher pH) exist in solution when ECTPM are used as adsorbent than that of TPM, 

implying the ESM process is an effective method on adsorbent surface modification. 
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Figure 4.6. The effect of pH change on phosphate adsorption. pHe: equilibrium pH. 

Dosage: 20 g L-1. Temperature: 25 ± 1 oC. 
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4.3.5 Thermodynamics and effect of temperature 

To confirm the feasibility of this removal process, the thermodynamic parameters 

of phosphate removal onto ECTPM and TPM should be considered. KT is the 

thermodynamic equilibrium constant of the removal process using ECTPM and TPM, 

it was computed using the method of Lyubchik et al [116] by plotting ln(qe/Ce) versus 

qe and extrapolating qe to zero. The change in Gibbs free energies (∆G) was then 

calculated with Eq. (15). Enthalpy (∆ H) and entropy (∆ S) were calculated from the 

slope and intercept of the plot of lnKT versus 1/T using Eq. (16). R is the universal gas 

constant (8.314 J mol−1 K−1), T is the temperature (K) of experiment [103].  

TKRTG ln−=∆                                                (4.15) 

RT

H

R

S
KT

∆−∆=ln                                               (4.16) 

The values of ∆ H, ∆ G and ∆ S are summarized in Table 4. The negative values 

of ∆ G indicated that the phosphate removal process by TPM adsorption was 

favorable and spontaneous under natural temperature conditions [99]. The values of 

∆ G decreased from -2.81 kJ mol-1 to -3.08 kJ mol-1 onto TPM and from -3.21 to 

-3.72 kJ mol-1 onto ECTPM with the temperature increased from 298.15 K to 308.15 

K, respectively, indicating more efficient adsorption at higher temperature. The ∆ G 

values of ECTPM are more negative than that of TPM implying that the reaction 

occurs easier onto ECTPM than TPM. The positive values of ∆ S revealed that the 

increasing randomness at the adsorbent-aqueous interface during the phosphate 

removal onto TPM [50]. Furthermore, the positive values of enthalpy (∆ H) strongly 

prove the endothermic nature of this removal process, which was high enough to 
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ensure strong interaction between adsorbents and adsorbates. The reaction enthalpy 

onto ECTPM is much higher than that of TPM, indicating that ECTPM have more 

chance to interact with adsorbates than TPM. The increase of phosphate removal 

capacity of ECTPM and TPM under higher temperature may be resulted from the 

activation or enlargement of pore size of TPM surface [99]. This observation is 

similar with the reports when using modified bentonites and aleppo pine as adsorbent, 

respectively [99, 104]. Further, the results of thermodynamics also indicate that ESM 

process is a feasible technique for adsorbent surface modification.  
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Table 4.4 The parameters of thermodynamic for phosphate adsorption on TPM and 

ECTPM.  

 ∆ G (kJ mol -1) 

Temp.(K) 298.15 303.15 308.15 
∆ S (J mol-1 K-1) ∆ H (kJ mol-1) 

TPM -2.81 -2.89 -3.08 26.41 5.08 
ECTPM -3.21 -3.46 -3.72 51.64 12.19 
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4.3.6 Selectivity 

In natural surface water, the anion component is always complicated. Nitrate 

(NO3
-) widely exists in surface water. The adsorption affinity of phosphate and NO3

- 

has been investigated using simulated wastewater. Further the effect of ionic strength 

should be considered. The adsorption affinity is often represented in term of the 

distribution coefficient, Kd (mL g-1), which can be calculated as [117]: 

M

V

C

CC
K

e

e
d ×−= )( 0                                             (4.17) 

where C0 and Ce are the initial and equilibrium concentration of phosphate in the 

solution. V is the volume of solution (mL), and M is the mass of adsorbent in grams. 

The distribution coefficient expresses the chemical binding affinity of phosphate ion 

to the adsorbent. A higher Kd value indicates a stronger binding affinity. The Kd 

values of phosphate in the presence of NO3
- are shown in Figure 4.7. 

Figure 4.7 shows that Kd values slightly decreased in the presence of NO3
- than in 

its absence in solution, and Kd was further decreased with the increase of NO3
- 

concentration. This observation indicates that phosphate adsorption onto ECTPM and 

TPM would be affected in the present of NO3
- especially in a low initial phosphate 

concentrations. Generally speaking, more than one order of magnitude change of Kd 

values imply a strong affect due to the presence of competing ions, the Kd changing in 

the same order of magnitude always indicates a slight or no affect when competition 

ions exist. In this study, Kd changed within one order of magnitude indicating 

phosphate adsorption onto ECTPM and TPM would not be affected when large 

amounts of NO3
- coexist in solution, it was further approved that equilibrium 
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concentration of NO3
- was almost same with that of initial (data not shown), and 

implies that ECTPM (TPM) have good adsorption selectivity on phosphate. Similar 

observation was obtained with the reports when using goethite [106] and modified 

palygorskite [53] as adsorbent, respectively. 
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Figure 4.7. Variation in the distribution of coefficients of phosphate in the presence of 

NO3
-. Initial P concentration: 5, 10, 15 and 20 mg L-1. Initial NO3

--N concentration: 

10, 20, 30, 40 and 50 mg L-1. 

(The variation range of Kd implies the selectivity of adsorbate (P) when competition 

ions (NO3
--N) coexisted in liquid phase (lower variation of Kd implies a better 

selectivity). In this study, the varitation range of Kd is limited within one order of 

magnitude indicates a excellent P selectivity through TPM and ECTPM.) 
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4.4 Conclusions 

In this study, the TPM developed from Kanuma mud, corn starch, iron powder, 

white cement and CaO was modified through an ESM process (ECTPM), and then 

utilized for phosphate removal. The TPM and ECTPM exhibited excellent phosphate 

adsorption ability. The Freundlich isotherm model and pseudo-second-order model 

matched the removal process well. The estimated maximum adsorption capacity was 

3.61 mg g-1 onto TPM and 5.36 mg g-1 onto ECTPM, respectively, better than many 

other clay mineral adsorbents. The removal process reached its equilibrium in 

approximately 2 h, and 96.38 % of the removal process was achieved in the first 30 

min. Furthermore, phosphate removal efficiency depended mainly on pH and 

temperature variations. The desirable pH range for phosphate adsorption onto TPM 

was 5.0 - 9.0 and a relatively higher temperature could have advantageous effect on 

removal efficiency. According to the thermodynamic results, the phosphate removal 

onto TPM was a spontaneous and endothermic process. In addition, ECTPM and 

TPM have good adsorption selectivity on phosphate. ECTPM and TPM could be 

utilized for phosphate removal from aqueous solution and the ESM process could also 

be applied for adsorbent surface modification. 
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Chapter 5 Conclusions and suggestions 

In the present study, a novel tablet porous material (TPM) was developed from 

Kanuma mud (K- mud), corn starch, iron powder, white cement and calcium oxide. 

Followed, an electrochemical surface modification (ESM) method was developed for 

surface modification on TPM. According to this research, the following conclusions 

can be obtained: 

 

5.1 Phosphate removal using Kanuma mud 

(1) Kanuma mud exhibited certain phosphate adsorption ability;  

(2) The adsorption process consisted of a fast and a slow process, the former 

finished in 110 min;  

(3) The Freundlich isotherm model and pseudo-second-order model can well 

describe the sorption process. The adsorption amount was the best at pH of 6 

and comparatively low temperature can enhance the adsorption efficiency;  

(4) Phosphate on the absorbent could be hardly desorbed; 

(5) The absorbed absorbent can be used as soils fertilization. 

 

5.2 Phosphate removal using developed TPM 

(1) The TPM exhibited excellent phosphate adsorption ability; the estimated 

maximum adsorption capacity was 4.39 mg g-1;  

(2) The Freundlich isotherm model and pseudo-second-order model matched the     

removal process well;  
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(3) The removal process reached its equilibrium in approximately 2 h, and    

89.08% of removal process was achieved in the beginning 30 min;  

(4) The desirable pH range for phosphate adsorption onto TPM was pH 5.0 - 9.0;  

(5) Relatively higher temperature could have advantageous effect on the removal 

efficiency; 

(6) Phosphate removal onto TPM was a spontaneous and endothermic process;  

(7) Phosphate adsorbed could be recycled using HCl as eluant.  

 

5.3 Phosphate removal using ESM modified TPM 

(1) The ECTPM exhibited excellent phosphate adsorption ability; the estimated 

maximum adsorption capacity was 5.36 mg g-1 onto ECTPM higher than that 

of TPM; 

(2) The Freundlich isotherm model and pseudo-second-order model matched the 

removal process well;  

(3) The removal process reached its equilibrium in approximately 2 h;  

(4) The desirable pH range for phosphate adsorption onto TPM was 5.0 - 9.0; 

(5) Relatively higher temperature could have advantageous effect on removal 

efficiency. Phosphate removal onto TPM was a spontaneous and endothermic 

process; 

(6) The ESM process could also be applied for adsorbent surface modification. 
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5.4 Future research suggestion 

In this research, the following study should focus on:  

(1) Novel modification method development; 

(2) Content adjusting and optimum for TPM production; 

(3) Method evaluation for P-recycling (crystallization)； 

(4) Development of crystallization seeds for P-recycling； 

(5) TPM application in surface water bodies and performance evaluation. 
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