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ABSTRACT

Phosphorus is an indispensable nutrient to sustain the daily life of all living things on 
Earth. However, the over-enrichment of the aquatic ecosystem with phosphorus leads to 
eutrophication, which is still a global environmental problem. More stringent regulations 
have been put in place for the limit of phosphorus discharge to address this problem and 
resulted in the removal of phosphorus removal becomes exceptionally crucial. Furthermore, 
phosphorus deposits are a non-renewable resource and forecasted to deplete until 2170, 
given the current usage and global population growth. Thus, the removal of phosphorus 
coupled with the recovery and reuse of phosphorus offer the best strategies to meet the 
future phosphorus demand.  

Accordingly, adsorption represents a fascinating separation technique for phosphate 
from water because of the possibility of phosphorus recovery. Moreover, this approach has 
many advantages, such as efficient, easy operating conditions, low sludge production, and 
the possibility of regenerating the adsorbent. Numerous attractive low-cost adsorbents 
have been studied for phosphate removal, one of which is layered double hydroxides (LDH). 
Unfortunately, a high phosphate adsorption capacity of LDH can generally be achieved by 
calcination, which increases the preparation cost of LDH. In this study, LDH is functionalized 
with amorphous zirconium (hydr)oxide to obtain enhanced adsorption capacity and 
eliminate the high-temperature requirement during the synthesis process. 

Although different treatment techniques have been developed to eliminate phosphorus 
contamination, including for wastewater treatment, treated water often fails to meet 
quality regulations. Amorphous zirconium (hydr)oxide/MgFe layered double hydroxides 
composites (am-Zr/MgFe-LDH) with different molar ratios (Zr/Fe = 1.5 2) were prepared in 
two-stage synthesis by the combination of coprecipitation and hydrothermal methods. The 
synthesis of the composite could eliminate the requirement of high-temperature 
calcination in the LDH for phosphate adsorption. Moreover, the phosphate adsorption 
ability of the composite was higher than that of the individual LDH and amorphous 
zirconium (hydr)oxide. The presence of amorphous zirconium (hydr)oxide increased the 
phosphate adsorption ability of composite at low pH. The adsorption capacity was increased 
by decreasing the pH and increasing the temperature (from 290 to 324 K). The bicarbonate 
(HCO3 ) was the most competitive anion for phosphate adsorption. The pseudo-second-
order model provided the best description of the kinetic adsorption data. Furthermore, the 
adsorbed phosphate was easily desorbed by 1 N and reused 2 N of NaOH solutions. The 
results suggest that the am-Zr/MgFe-LDH composite is a promising material for phosphate 
removal and recovery from wastewater. 
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A Fixed-bed column has been considered an industrially feasible technique for 
phosphate removal from water. Besides the adsorption capacity, the effectiveness of an 
adsorbent is also determined by its reusability efficiency. In this study, phosphate removal 
by a synthesized am-Zr/MgFe-LDH in a fixed-bed column system was examined. The results 
showed that the increased bed height and phosphate concentration, and reduced flow rate, 
pH, and adsorbent particle size were found to increase the column adsorption capacity. The 
optimum adsorption capacity of 25.15 mg-P g-1 was obtained at pH 4. The coexistence of 
seawater ions had a positive effect on the phosphate adsorption capacity of the composite. 
Nearly complete phosphate desorption, with a desorption efficiency of 91.7%, could be 
effectively achieved by 0.1 N NaOH for an hour. Moreover, the initial adsorption capacity 
was maintained at approximately 83% even after eight adsorption-desorption cycles, 
indicating that the composite is economically feasible. The am-Zr/MgFe-LDH, with its high 
adsorption capacity and superior reusability, has the potential to be utilized as an adsorbent 
for phosphorus removal in practical wastewater treatment. 

The possible adsorption mechanisms of phosphate by am-Zr/MgFe-LDH were 
investigated via X-ray diffraction (XRD), Fourier transform infrared (FTIR), X-ray 
photoelectron spectroscopy (XPS), and pH at the point of zero charge (pHPZC) analyses. It 
was suggested that the high phosphate adsorption capacity of the composite involves three 
main adsorption mechanisms, which are the electrostatic attraction, inner-sphere 
complexation, and anion exchange, where the amorphous zirconium (hydr)oxide on the 
surface of the layered double hydroxides likely increased the number of active binding sites 
and surface area for adsorption. This study provides insights into the design of am-Zr/MgFe-
LDH for phosphorus removal and recovery in a practical system. 
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CHAPTER 1

INTRODUCTION

1.1 Rationale and background

Eutrophication is still being known as a global aquatic environmental problem, and even 
more stringent regulations are made for phosphorus discharge to cope with this problem 
since phosphorus is considered as the main responsible for the eutrophication process [1]. 
Standard biological treatment and chemical precipitation processes frequently fail to 
achieve the near to zero levels of phosphorus removal to fulfill the regulations. For this 
reason, some study has been sparked in the exploration of alternative wastewater 
treatment technologies for phosphorus removal. Adsorption  is considered an attractive 
alternative in wastewater treatment because of its simplicity, low cost, and superior 
removal ability [2].    

On the other hand, in considering the growing concern about global phosphorus scarcity 
and the demand for this element is undergoing rapid growth, it is essential to deal with not 
only phosphorus removal but also phosphorus recovery. The adsorption becomes a more 
fascinating separation technique of phosphorus from water because of the possibility of 
phosphorus recovery while adsorbent recycling [3]. The increase in sludge volume 
generated from wastewater treatment plants and stringent restriction on landfilling of the 
sludge makes the adsorbent techniques have gained particular interest because of less 
sludge production and repetitive usability [4]. 

Layered double hydroxide (LDH) materials are suggested to be potential phosphate 
adsorbents because of their ability to remove phosphate from a solution by interlayer anion 
exchange and surface adsorption [5]. LDH materials naturally show excellent adsorption 
toward various anions, including phosphate, due to their positively charged layers and weak 
interlayer binding [6]. Furthermore, the functionalization of amorphous zirconia (am-Zr) on 
phosphate adsorbents is increasingly attracting attention because it can enhance the 
adsorption capacity of some adsorbents [7 9]. Moreover, it is crucial to determine the 
appropriate methods for the composite preparation considering it is not easy to control 
their structures accurately. In this study, the composite of amorphous zirconium 
(hydr)oxide/MgFe layered double hydroxides (am-Zr/MgFe-LDH) was synthesized by the 
combination of coprecipitation and hydrothermal methods in two-stage synthesis. The 
phosphate adsorption ability of the composite was investigated via both batch and fixed-
bed column studies. The combination is expected to not only enhance the phosphate 
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adsorption ability of magnesium iron layered double hydroxide (MgFe-LDH) but also the 
adsorption capacity of am-Zr itself. 

1.2 Dissertation objectives

The aim of this research to: 
1. Develop the am-Zr/MgFe-LDH with a novel two-stage synthesis to increase the 

adsorption capacity for phosphate adsorption. 
2. Investigate the effects of the solution pH and competing anions on the phosphate 

adsorption of the composite under batch tests, and study the adsorption kinetics, 
isotherm, and thermodynamic to explain the properties of phosphate adsorption. 

3. Investigate the effects of some essential design parameters for practical application 
such as bed height, flow rate, influent phosphate concentration, solution pH, and 
adsorbent particle size on the phosphate adsorption of the composite under fixed-bed 
column tests and apply the widely used breakthrough curve models to interpret the 
experimental breakthrough data. 

4. Evaluate the composite applicability as phosphate adsorbent for real anaerobic sludge 
filtrate and phosphorus enriched seawater. 

5. Investigate the reusability of the composite as phosphate adsorbent. 
6. Study the mechanism of phosphate adsorption and desorption on the composite. 

1.3 Structure of the dissertation

Chapter 1 states the rationale and background, objectives, and structure of the 
dissertation. 

Chapter 2 presents the literature reviews on phosphorus and its environmental 
relevance, alternative phosphorus removal technologies, previous study about zirconium-
functionalized LDH as phosphate adsorbents, and mathematical models for phosphate 
adsorption. 

Chapter 3 describes the process of the am-Zr/MgFe-LDH synthesis and characterization, 
the effect of Zr molar ratio and calcination process on phosphate adsorption, and the effect 
of pH and competing anions on the phosphate adsorption ability. Also, this chapter explains 
the adsorption kinetics, isotherm, and thermodynamic, as well as the reusability of the 
composite. 

Chapter 4 examines the phosphate adsorption performance and reusability of a fixed-
bed column filled with am-Zr/MgFe-LDH. This chapter outlines the effect of several design 
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parameters on phosphate adsorption, the interpretation of adsorption breakthrough data 
by using some column adsorption models, and the actual applicability of the composite. 

Chapter 5 discusses the possible mechanisms of phosphate adsorption and desorption 
on am-Zr/MgFe-LDH. 

Chapter 6 recapitulates the results of the study and offers suggestions for future studies. 

References

[1] M. Le Moal, C. Gascuel-Odoux, A. Ménesguen, Y. Souchon, C. Étrillard, A. Levain, F. 
Moatar, A. Pannard, P. Souchu, A. Lefebvre, G. Pinay, Eutrophication: A new wine in 
an old bottle?, Sci. Total Environ. 651 (2019) 1 11. 
https://doi.org/10.1016/j.scitotenv.2018.09.139. 

[2] H. Bacelo, A.M.A. Pintor, S.C.R. Santos, R.A.R. Boaventura, C.M.S. Botelho, 
Performance and prospects of different adsorbents for phosphorus uptake and 
recovery from water, Chem. Eng. J. 381 (2020) 122566. 
https://doi.org/10.1016/j.cej.2019.122566. 

[3] W. Huang, Y. Zhang, D. Li, Adsorptive removal of phosphate from water using 
mesoporous materials: A review, J. Environ. Manage. 193 (2017) 470 482. 
https://doi.org/https://doi.org/10.1016/j.jenvman.2017.02.030. 

[4] H. Qiu, W. Ni, H. Zhang, K. Chen, J. Yu, Fabrication and evaluation of a regenerable 
HFO-doped agricultural waste for enhanced adsorption affinity towards phosphate, 
Sci. Total Environ. 703 (2020) 135493. 
https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.135493. 

[5] K.H. Goh, T.T. Lim, Z. Dong, Application of layered double hydroxides for removal of 
oxyanions: A review, Water Res. 42 (2008) 1343 1368. 
https://doi.org/10.1016/j.watres.2007.10.043. 

[6] F. Peng, T. Luo, Y. Yuan, Controllable synthesis of Mg-Fe layered double hydroxide 
nanoplates with specific Mg/Fe ratios and their effect on adsorption of As(v) from 
water, New J. Chem. 38 (2014) 4427 4433. https://doi.org/10.1039/c4nj00548a. 

[7] W. Wang, H. Zhang, L. Zhang, H. Wan, S. Zheng, Z. Xu, Adsorptive removal of 
phosphate by magnetic Fe3O4@C@ZrO2, Colloids Surfaces A Physicochem. Eng. Asp. 
469 (2015) 100 106. https://doi.org/10.1016/j.colsurfa.2015.01.002. 

[8] F. Long, J.L. Gong, G.M. Zeng, L. Chen, X.Y. Wang, J.H. Deng, Q.Y. Niu, H.Y. Zhang, X.R. 
Zhang, Removal of phosphate from aqueous solution by magnetic Fe-Zr binary oxide, 
Chem. Eng. J. 171 (2011) 448 455. https://doi.org/10.1016/j.cej.2011.03.102. 



4 

[9] X. Luo, X. Wang, S. Bao, X. Liu, W. Zhang, T. Fang, Adsorption of phosphate in water 
using one-step synthesized zirconium-loaded reduced graphene oxide, Sci. Rep. 6 
(2016) 39108. https://doi.org/10.1038/srep39108. 



5 

CHAPTER 2

LITERATURE REVIEW

2.1 Phosphorus and its environmental relevance

2.1.1 Chemistry of Phosphorus

Phosphorus (P) is a nonmetallic chemical element with an atomic number of 15 and an 
atomic weight of 30.97376 g·mol-1, which belongs to the nitrogen  in the periodic 
table. It has a melting point of 44.1 °C, boiling point of 280 °C, and density of 1.82 gram/cm3 

(at 20 °C) [1]. Phosphorus can appear in different valency states, +3 (phosphorous), +5 
(phosphoric), or empty d orbitals [2]. It has three main allotropic forms differentiated based 
on their colors: white, red, and black phosphorus. The summary of phosphorus (white) 
properties can be seen in Figure 2.1.

Figure 2.1  Element properties of phosphorus [1]. 

Phosphorus is a pentavalent element with its natural oxide of phosphorus pentoxide 
(P2O5), which is highly hygroscopic and exothermically high reactive with water to form 
phosphoric acid (H3PO4) [3]. This acid forms phosphates when it reacts with varying alkaline 
compounds. The phosphorus compounds can be linear or chain, cyclic or ring, and 
branched-chain polymers or crystals. The formula of linear or chain polymers can be 
described by M(n + 2) (PnO(3n + 1))x, where M is a cation with x valence and n is an integer. The 

n n = 2. This formula can be 
modified to AmBn (PO4)(mx + ny)/3 if it has two cations in the chain, A and B, with valences of x 
and y, respectively. However, the formula of phosphate polymers with ring or chain 
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structures is represented by [M(PO3)x]n, where n >2. 
chain phosphate polymers [3]. For the crystal form of phosphates, the individual atom or 
oxygen-bonded unit of phosphorus, such as PO4 and PO3, can be arranged in various 
configurations of the crystal structure [4].  

Phosphorus is the 12th most common element on s crust of about one gram per 
kilogram, and its atomic abundance in the cosmos is about 1/100 of silicone atoms [1]. 
Phosphorus, however, cannot be found as a free element on Earth due to its high reactivity, 
and it has no stable gaseous form. In soil, it is widely distributed as soluble, mineral, organic, 
and adsorbed materials, and it generally occurs as orthophosphates PO43- (or referred to as 
phosphates). The free form of PO43- anions, which is soluble and the only form that plants 
can use for growth, only accounts for a small fraction of total phosphorus in soil [5]. In water, 
phosphorus is most frequently found as soluble reactive PO43- as a released material from 
various sources, such as ocean and freshwater sediments, plant and animal fragments, 
human and animal wastes, soil erosion, etc. Several hundred of natural crystalline 
phosphate minerals that have been described are mainly found as apatites. The apatite 
minerals can be formulated as M5(PO4)3Z, where M is a divalent metal and Z is an anion (F , 
OH , Cl , and CO32 ). Phosphorus compounds are mainly dominated by phosphorus linkages 
to oxygen (oxyphosphorus), carbon (organophosphorus), nitrogen (azaphosphorus), and 
metals (metallophosphorus) [6].  

Figure 2.2  Distribution of phosphate species in aqueous solution as a function of pH. 

In water, phosphate can appear in different species based on the pH. Figure 2.2 recalls 
the influence of pH (in the range 0 14) on the distribution of phosphate species in solution.  
In extreme conditions, Orthophosphoric acid (H3PO4) is the main species at pH < 2, whereas 
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PO43  is dominant at pH > 13. Phosphates mainly appear in H2PO4  and HPO42  under natural 
pH conditions. 

2.1.2 Significance of phosphorus resource

Phosphorus is one of the fundamental nutrients to sustain daily life, affecting every 
organism on Earth. It is an indispensable nutrient for the animal since it takes its 
essential role in the structural stability of bones and teeth, development of cell membranes 
and nucleic acid molecules for genetic substances, energy metabolism activity (including 
ATP, ATP), and photosynthesis process for plants  [7]. Animal adsorbs phosphorus through 
plant-eating animals (herbivores), which in turn comes from soil or the phosphorus 
fertilizers applied to plants. In industrial activity, phosphorus (in the form of high-purity 
phosphoric acid) is mainly used for additives in food processing and doping donors in 
semiconductors [8,9]. In the state of red phosphorus, it is used in pyrotechnic, matches, and 
effective flame retardants for accidental fires in organic polymer materials [1,10].       

Figure 2.3  Geological and biological phosphorus cycle. Image reproduced from The Editors of 
Encyclopaedia Britannica, 2020. 

Phosphorus becomes a main growth-limiting factor for plants because of its low 
concentration in soil and low solubility. Consequently, in the soil with a low phosphorus 
concentration or an insufficient phosphorus release rate, the external phosphorus input 
must be presented as fertilizers. Agriculture is still the dominant user of global phosphorus, 
accounting for about 80% of the total annually mined phosphorus deposits are mainly used 
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to produce agricultural fertilizers [12]. In phosphorus fertilizers, the high purity of 
phosphoric acid is not required, and the direct production from mined phosphate ores is 
lower in cost. Global phosphorus demand for fertilizer use is forecasted to increase from 
4.6 million tons in 1961 to approximately 49 million tons in 2022 [13]. To secure food 
production sustainability in the future, the demand for these fertilizers is expected to 
increase continuously since the population is projected to grow by about 1.9 billion 
inhabitants from 2020 to 2050 [14]. 
mainly produced from mined phosphorus rock, which is a non-renewable, limited, and 
geographically nonhomogeneous resource [15]. Moreover, the natural phosphorus cycle is 
much slower than those of hydrogen, carbon, nitrogen, and oxygen cycles, which can take 
millions of years to complete the cycle. Figure 2.3 illustrates the geographical and biological 
phosphorus cycle in nature. Human activities have ruined this cycle, which sped up 
phosphate extraction during the past several centuries. This makes the scarcity of 
phosphorus and access to its supplies are recently becoming a significant concern. 

The significance of phosphorus as a limited natural resource has been emphasized by 
The International Conference on Sustainable Phosphorus Chemistry (SUSPHOS) series, 
established in 2015 [16]. Experts stated that the phosphorus reserves are decreasing, even 
though its availability estimates are still quite diverse. As first introduced by Hubbert in 1949 
to describe the period of oil reserves reaching their maximum rate before depletion [17], 
the Hubbert linearization was also applied to estimate the peak of phosphorus production. 
By using industry data, the Hubble linearization analysis shows that the peak of global 
phosphorus production may occur by 2033 [18]. After the peak, the demand would exceed 
supply which will lead to scarcity of global phosphorus resources. Another assessment, 
based on the present and future phosphorus consumption, the increase of meat 
consumption, and the rise in biofuel and bioenergy crops, the exploitable phosphorus 
resources are estimated to be depleted in 2084, and the total reserves of phosphorus 
(including currently inaccessible phosphorus resources) will only last until 2179 [19]. 
Furthermore, based on the decrease of annual population growth rate as estimated by the 
United Nations (UN), the current phosphate rock production will last until 2315; however, 
if the growth rate keeps continuing at about the current rate, the production will be 
depleted in 2170 [5]. Although the exact timeline might be unpredictable, phosphate rock 
is still the primary source of phosphorus in the global market. Management of phosphorus 
usage is essential for sustaining future food production since the ation is 
continuously growing.   

The negative expectations of future phosphorus resources affect the price of global 
phosphate rock and its products. The increase in demand for phosphorus products and the 
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requirement of high cost for the extraction of phosphate rocks, which are increasingly 
difficult to reach and declining in quality, tend to increase the price of phosphate rock.  The 
price increase seemingly will occur even without the depletion of phosphorus resources 
[20]. This would undoubtedly increase the amount of agricultural land that is not nourished 
by fertilizer. Consequently, escalating the efficiency of the phosphorus resources usage and 
promoting the phosphorus recovery from wastes are worthwhile, although the phosphorus 
exhaustion is not imminent. 

Throughout the past few centuries, anthropogenic activities, such as agricultural and 
wastewater disposal practices, have ruptured the geographical and biological phosphorus 
cycle characterized by high losses and low use efficiency[21]. Especially in agriculture, a 
large amount of phosphorus has been discharged into water bodies by human activities. 
Only a tiny proportion of external phosphorus applied to soil (about 10 20%) is absorbed 
by the plants, where the rest remained in the soil due to the fixation by the reactive soil 
components to form insoluble compounds [22]. The phosphorus is likely to bind to soil 
particles and then be carried away into water bodies by runoff, leaching, and erosion. Since 
the use of phosphorus fertilizer in agriculture is inefficient and phosphorus is a non-
renewable and non-substitutable resource, the recovery and reuse of phosphorus are 
significant. The recovery method is considered to be able to save less than half of the 
imported phosphorus [23]. The recovery and reuse of phosphorus can be made along the 
entire phosphorus cycle, redistribution of phosphorus from phosphorus-rich wastes such as 
sewage sludge, manure, offal, and water bodies, to the areas that require more phosphorus 
[24]. However, phosphorus-containing wastes are increasingly contaminated by heavy 
metals and toxic substances and harmful for direct redistribution to crops. Consequently, 
various technologies of phosphorus recovery are needed.  

2.1.3 Eutrophication

The accumulation of phosphorus and nitrogen is the main factor of eutrophication in 
surface waters. Eutrophication has been identified as the most fundamental global 
environmental problem relating to water bodies and is causing deterioration of water 
quality and disruption of aquatic ecosystems [25]. Eutrophication is an ecological response 
to the progressive enrichment of water by nutrients, especially nitrogen and/or phosphorus 
compounds, accelerating the growth of algae and phytoplankton to create aquatic 
ecosystems imbalance and reduce the water quality [26]. It is mainly recognized that 
eutrophication is linked to the increase of harmful algal blooms and depletion of dissolved 
oxygen (hypoxia) which in turn destroy the aquatic life in affected areas [27].  
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In freshwater, phosphorus is the primary limiting factor of algal growth where nitrogen 
is highly in excess [28]. Before anthropogenic interference, nutrients (especially 
phosphorus) accumulation in water bodies is a slow natural process determined by mineral 
degradation and solution as an effect of decomposer organisms in rocks [29]. Intensive 
agricultural practices, industrial activities, and population growth have triggered the 
accelerated mobilization of phosphorus into the environment and accumulated mainly in 
water bodies[30]. By the year 2000, it was reported that human activities have roughly 
tripled the phosphorus flows to the environment in comparison to natural rates [31]. A 
statistical analysis from Water Research Commission, South Africa, shows that 54%, 53%, 
48%, 41%, and 28 % of lakes/reservoirs in Asia, Europe, North America, South America, and 
Africa deal with eutrophication problems, respectively [32]. 

A study in periphyton (algal) growth in global freshwater systems analyzed from 1990 
to 2016 has found that 31% of international catchment areas show alarming periphyton 
growth levels. Nearly 76% of the undesirable periphyton growth was triggered by 
phosphorus pollution, which is dominated by agricultural land in North and South America 
and Europe [33]. There are various sources of phosphorus-inducing eutrophication. Point 
sources (e.g., municipal wastewater treatment plants and industrial discharge) are easier to 
be identified and managed than diffuse sources since diffuse sources have varied nature 
[34]. The primary diffuse sources of phosphorus are phosphorus accumulation in soils by 
the inefficient use of fertilizer or manure on the farm. 

Most studies assume that a  L-1 is too high and potential 
to cause eutrophication, even though there is still no explicit agreement yet on the 
acceptable phosphorus concentration to prevent eutrophication [35]. Policy 
implementation in phosphorus discharge is one of the possible options to reduce the 
phosphorus release and improve the ecological state of surface waters. The European 
Union (EU) via The Council Directive of May 21, 1991 (91/271/EEC) concerning urban 
wastewater treatment requires phosphate removal from wastewater discharge by 
introducing the limitations on the released pollutant loads [26]. From 2010 to 2020, the 
noticeable reduction of eutrophication risk has been managed to achieve by a few countries. 
However, some other countries such as Greece, Spain, Lithuania, Luxembourg, Denmark, 
Portugal, and Cyprus still have over 90% of the ecosystems region in danger of 
eutrophication [36]. The requirements for treated wastewater are varied for each EU 
Member States, depending on agglomeration size (in Population Equivalent, PE), 
wastewater receiver type, and the sensitivity of the receiver to eutrophication. Denmark is 
the most restrictive in EU countries that set 0.4 mg/L total phosphorus (TP) as a limit of 
dischargeable treated wastewater, while Germany and Sweden specify the limit of TP in 



11 

treated wastewater at a level not more than 1 mg/L (BOD5 < 6000 kg/d; >100,000 PE) and 
0.5 mg/L (every category), respectively [36]. Similar measures have been applied in non-EU 
countries, such as the USA, China, and Japan, by different approaches. The USA and China 
have established a maximum permissible value for TP in areas sensitive to eutrophication 
at 1.0 0.1 mg/L and 0.5 mg/L, respectively [36]. While the Ministry of the Environment in 
Japan sets the quality standard for total phosphorus for the living environment in lakes is 
varied from 0.005 mg/L to 0.1 mg/L based on the designation of the water [37]. 

Although the nutrients (phosphorus and nitrogen) removal by wastewater treatment 
plants is forecasted to increase by 10% 40% from 2010 to 2050, the phosphorus discharge 
to the environment will continue to increase by 7% 60% [38]. Phosphorus pollution is still 
an essential issue in developed countries, despite enhancements in wastewater nutrients 
removal and surface water quality. The discharge of untreated wastewater remains 
everyday activity, especially in developing countries, due to the lack of budget, 
infrastructure, and technical capacity. The fact that a small fraction of wastewater treated 
in developing countries offers investment opportunities for water and wastewater 
treatment and recovery of valuable byproducts, such as phosphorus, in developing 
countries. However, the removal and recovery of phosphorus from sewage which are still 
in the development stage, demand high technologies.  

2.2 Phosphorus removal technologies

The removal of phosphorus from domestic wastewater before discharge is essential to 
reduce the risk of eutrophication in natural waters. In many countries, phosphorus removal 
has become obligatory and common. However, the rate of phosphorus removal of a 
wastewater treatment plant depends on the composition of total phosphorus, regulation 
of phosphorus discharge limit, and applied technology of phosphorus removal [39]. Various 
technologies can be used for phosphorus removal from wastewater, such as chemical 
precipitation, biological phosphorus removal, crystallization, and adsorption. Each 
technology has its advantages and disadvantages, as can be seen in Table 2.1. 

2.2.1 Chemical precipitation

Chemical precipitation is one of the most widely applied phosphorus removal 
technologies besides the biological method because of its easy operation. Chemical 
precipitation removes inorganic phosphates in wastewater by adding coagulant and 
flocculant to precipitate slightly soluble phosphate compounds and then removing the 
sedimentation by either gravitational settling or filtration. A coagulant is added to transform 
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the stable phosphates to the unstable phase by neutralizing the negative charge on 
phosphates and form small clumps of particles (micro flocs).  The multivalent metals are 
usually used as the coagulant, such as ferric, ferrous, aluminum, or calcium salts. While 
flocculant merges destabilized phosphates together into big flocs and drops them out of 
solution. The most widely used flocculants are synthetic polymers with molecular weights 
range from 1000 to 30 × 106 [40]. The coagulation process requires rapid mixing of 
wastewater and coagulant, while a gentle mixing is performed in the flocculation process 
to avoid the big flocs destruction. 

Figure 2.4  The strategy of chemical precipitation process addition in the biological phosphorus 
removal process, (1) pre-precipitation, (2) coprecipitation, and (3) post-precipitation. 

In biological phosphorus removal processes, the chemical phosphorus removal is 
usually applied for the supplemental process. In this case, the precipitants (coagulant and 
flocculant) are added to either pre-treated wastewater (pre-precipitation), activated sludge 
aeration basin (coprecipitation), or to the separate tertiary treatment process before 
discharge (post-precipitation) [41], as illustrated in Figure 2.4. Pre-precipitation involves the 
addition of precipitants to raw wastewater in primary sedimentation influent. Pre-
precipitation is applied to reduce the loading to the subsequent biological treatment stage, 
decreasing energy and hydraulic retention time consumption. While in coprecipitation, the 
phosphorus precipitation by coagulant is performed simultaneously with the biological 
treatment in the aeration tank. The precipitants can be added to the biological treatment 
tank or the effluent of biological treatment before secondary sedimentation. Post-
precipitation involves the addition of precipitants in the effluent secondary sedimentation 
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installation. The chemical precipitation in post-precipitation becomes stronger since 
anaerobic biological treatment transforms some organic phosphates into orthophosphates. 
Besides that, chemical precipitation technology requires high cost for the chemicals, 
treatment of resulted sludge, and neutralization of effluent, and it is susceptible to 
environmental factors, such as pH and temperature 

2.2.2

ent years because it reduces 
chemical use and is an environmentally friendly phosphorus removal method [44]. EBPR 
utilizes a group of heterotrophic bacteria, called phosphorus-accumulating organisms 
(PAOs), primarily responsible for phosphorus removal. These organisms can absorb 
dissolved phosphorus from wastewater as intracellular polyphosphate in their energy 
storage mechanism, resulting in phosphorus removal from wastewater. 

Regardless of how phosphorus is removed by the microorganisms is still not clearly 
understood, the biological phosphorus removal in wastewater treatment systems has three 
main proposed mechanisms [45]. The first is the normal uptake mechanism, which involves 
the uptake of phosphorus by organisms as it is an essential element required for their 
energy metabolism activity and cell membranes development. In aerobic, phosphorus 
accumulation always occurs since organisms are growing and multiplying. However, this 
mechanism can only remove about 15-25% of phosphorus in many municipal wastewaters 
[46]. The second mechanism is the luxury uptake mechanism. In this mechanism, the 
organisms in a treatment system are exposed to a nutrient deficiency (other than 
phosphorus) stress where phosphorus is available in excessive amounts than required for 
growth [47]. As a result, the available energy is used by the organisms for storing excess 
phosphorus within the biomass as polyphosphates, leading to enhanced phosphorus uptake 
from wastewater. The third mechanism is overplus accumulation, which is based on the 
rapid phosphorus accumulation by phosphorus-starved organisms. Phosphorus-starved 
organisms are obtained by exposing the activated sludge to anaerobic conditions, where 
aerobic organisms release large amounts of phosphorus in anaerobic conditions. In 
anaerobic conditions, the organisms consume carbon sources and store them as 
polyhydroxyalkanoates (PHA) simultaneously with the hydrolyze of stored polyphosphates 
and the release of orthophosphate [48]. Rapid phosphorus uptake by organisms occurs in 
subsequent aerobic conditions to reclaim the released phosphorus in an anaerobic process 
and to absorb additional phosphorus for energy storage as polyphosphate. This phosphorus 



14 

accumulation uses stored PHA as an energy source to absorb orthophosphate from a liquid 
medium. This process results in enhanced biological phosphorus removal from wastewater. 

In BPR, PAOs are enriched in the bacterial community within activated sludge. The 
activated sludge process in EBPR is operated by recirculating sludge through anaerobic and 
aerobic conditions[49]. The most basic configuration of biological phosphorus removal is 
shown in Figure 2.5. The configuration consists of an arrangement of anaerobic and aerobic 
tanks for stimulating carbon oxidation and phosphorus removal. However, in most EBPR 
configurations, an anoxic process is added between anaerobic and aerobic processes to 
minimize the amount of nitrate fed (in returned activated sludge) to the anaerobic tank by 
recycling mixed liquor from the aerobic tank to anoxic tank. Since the existence of nitrate 
in the anaerobic tank inhibits biological phosphorus removal. Under ideal conditions, EBPR 
can reduce total phosphorus to 0.1 0.2 mg-P/L. However, in the actual application, EBPR 
has low stability because its performance depends on many factors (such as influent flow 
and pollution loading variations), resulting in the requirement of high skilled operators for 
complex process control [43]. The effective EBPR is also determined by local environmental 
conditions as the conditions affect the microbial diversity and metabolic behavior of the 
community [50]. This makes the ideal conditions for EBPR relatively narrow. Moreover, this 
method is not suitable for phosphorus removal at trace levels because the bacterial 
metabolism would be decreased simultaneously. 

Figure 2.5  Typical configuration of the biological phosphorus removal process. 

2.2.3 Crystallization technology

Crystallization has been recognized as a useful method that is not only for phosphorus 
removal but also for phosphorus recovery at the same time. The phosphorus crystallization 
technology involves seed crystals as the medium for transforming liquid phase phosphorus 
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to solid-phase under metastable conditions. This method is based on the final product 
solubility of phosphorus-containing salts, such as magnesium ammonium phosphate (MAP), 
magnesium potassium phosphate (MPP), and hydroxyapatite (HAP). The selection of salts 
in the crystallization process depends on the relative concentrations of ammonium or 
potassium and phosphate in the wastewater [51]. 

A high concentration of ammonia and potassium are required to precipitate 
phosphorus to MAP and MPP, respectively, and phosphorus compounds are precipitated 
when the solubility of products surpassed by adding magnesium and adjusting pH. However, 
wastewaters that meet these conditions are limited. The chemical reaction for phosphorus 
precipitation to MAP and MPP are presented in Equation 2.1 [52] and Equation 2.2 [53], 
respectively: 

Mg2+ + PO43- + NH4+ + 6H2O  MgNH4PO4·6H2O (2.1)

Mg2+ + PO43- + K+ + 6H2O  MgKPO4·6H2O (2.2)

The reaction for the precipitation of HAP is shown in Eq. 2.3 [54]:  

5Ca2+ + 3PO43- + OH-  Ca5(PO4)3(OH) (2.3)

The crystallization to HAP is effectively performed at low phosphorus concentration, and 
there is concern toward the effluent at high phosphorus concentration.  

Seed crystals are loaded into a crystallization reactor, and pH is adjusted to an 
appropriate value for promoting the phosphorus deposition on seed crystals. The efficiency 
of phosphorus removal by crystallization technology is highly affected by the pH of the 
reaction. The pH of the crystallization system needs to be kept below the phosphorus 
chemical precipitation limit because the precipitation of phosphate would take place at a 
high pH in addition to crystallization. This makes skilled operators are required for the 
crystallization method. In the final stage in this method, an increase in sludge production 
can be prevented, and the final product can be easily dewatered [55]. The final outcome of 
the crystallization method has the potential to be reused as fertilizer as it has phosphorus 
content that is comparable to phosphorus rock. Some reactors, such as continuous stirred 
tank reactors (CSTRs), fluidized bed reactors, and bubble column-type reactors, can be 
applied for the crystallization process, where continuous stable flow is preferred for a large 
wastewater volume [51]. The basic scheme for phosphorus crystallization by CSTRs is shown 
in Figure 2.6. 
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Figure 2.6  Typical configuration of phosphorus crystallization by continuous stirred reactors. 

2.2.4 Adsorption

Although adsorption is less commonly employed in large-scale phosphorus removal 
from wastewater, there has been a lot of works dealing with phosphorus removal 
improvement using this method in the past few years. Adsorption is recognized as a method 
that is simple, convenient, low cost, highly selective, and low amounts of sludge production, 
compared to other phosphorus removal methods [56]. The adsorption method has become 
a more promising method since it can remove phosphorus at low contents over a wide pH 
range [57].  Adsorption is a method to remove phosphorus via molecule transfer from a 
liquid bulk to the surface of solid material. Phosphorus removal by adsorption depends on 
the phosphorus adsorption behaviors of specific materials to remove phosphorus from 
wastewater. Besides that, adsorbent is reusable by using an appropriate desorption 
technique. Until now, numerous adsorbents have been investigated to examine the ability 
to remove and recover phosphorus from water. 

Oxides/hydroxides-based adsorbents have been recognized as the most successful and 
attractive candidates as adsorbents to remove phosphorus and other oxyanions from water 
[56].  The removal efficiency of adsorbents is varying based on their chemical and physical 
characteristics and environmental conditions of the adsorption. Therefore, the unique 
adsorption mechanisms of specific metal oxides/hydroxides determine the adsorption 
efficiency of different adsorbents. Many studied adsorbents have the potential for 
phosphorus removal. The selection of adsorbents depends on their criteria for the target 
application, such as adsorption capacity, cost, chemical stability, and application method 
(powder or fixed-bed column). Several practical applications require near-zero phosphorus 
removals, such as eutrophic surface water restoration, wastewater reuse in artificial lakes, 
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and effluent polishing after chemical or biological phosphorus removal due to more 
stringent regulation phosphorus discharge [58]. In contrast with traditional biological and 
chemical precipitation methods, adsorption in a fixed-bed column method can reduce 
dissolved phosphorus to very low concentration, especially for polishing treated 
wastewater [35,59]. Table 2.1 shows the comparison of different types of phosphorus 
removal technology.  

Table 2.1  Comparison of various technologies for phosphorus removal. 
Technology Advantages Disadvantages Reference 
Chemical 
precipitation 

Easy to use. 
Reliable and well-established. 
Usable for treating a large 
volume of wastewater. 

High cost for chemicals. 
Low effectiveness at low phosphorus 
concentration. 
High sludge production that requires 
treatment. 
Effluent neutralization requirement. 
Susceptible to many environmental 
factors (pH, chemical concentration, 
etc.), resulting in a complex control 
system. 
Subsequent biological treatment 
may be affected by chemicals. 
Phosphorus recovery is relatively 
difficult. 

[42] 
[60] 
[43] 

Biological 
phosphorus 
removal 

Low operational cost, except 
for infrastructural investment. 
Environmentally friendly. 
No chemicals required. 
Simultaneous removal of 
phosphorus and nitrogen. 

Low reliability and stability. 
Low effectiveness at low phosphorus 
concentration. 
High sludge production. 
Uncontrolled bacterial growth. 
Susceptible to inhibiting substances, 
especially to the coexistence of 
glycogen accumulating organisms.  
High skilled operators are required. 

[61] 
[50] 
[43] 
[44] 

Crystallization 
technology 

Simultaneous phosphorus 
removal and recovery. 
No sludge production. 

High cost for chemicals. 
Increase effluent salinity. 
Influenced by many factors (pH, 
temperature, etc.), resulting in a 
complex control system. 
High skilled operators are required. 

[62] 
[55] 
[63] 
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Adsorption High efficiency. 
Great potential for P recovery. 
Wide pH range operation. 
Simplicity of design. 
Ease of operation. 
Fast adsorption rate. 
No sludge production. 
Robust and cost-effective. 
Effective in low phosphorus 
contents. 

Can be costly for pretreatment and 
sorbent regeneration. 
Low selectivity against competing 
ions. 
Downstream processes are needed 
to recover phosphate. 

[43] 
[64] 

2.3 Zirconium-functionalized LDH as phosphate adsorbents

2.3.1 Zirconium-based phosphate adsorbent

Many metal (hydr)oxides adsorbents were reported to be effective for phosphate 
adsorption, such as iron, aluminum, manganese, and zirconium [65]. Among these metal 
(hydr)oxides, zirconium (hydr)oxide is an excellent adsorbent due to its nontoxicity, 
insolubility, strong affinity for phosphate, and superior chemical stability under acidic and 
basic conditions [64]. Besides, zirconium (hydr)oxide as phosphate adsorbent was found to 
have good desorption efficiency for reuse. The oxides of zirconium are classified into three 
major types of structure (polymorph): cubic, tetragonal, and monoclinic. Each type can be 
obtained at a different temperature range, and a high-temperature structure can be 
stabilized at room temperature by adding additives (stabilizer). However, an amorphous 
form of zirconium (zirconium (hydr)oxide) is preferred to be a phosphate adsorbent 
because of its simplicity of synthesis, large specific surface areas, high active binding sites, 
and strong affinity for phosphate [66]. The phosphate adsorption onto zirconium 
(hydr)oxides mainly involves the electrostatic, ion exchange, and Lewis acid-base 
interactions between the functional groups on the adsorbent surface and the phosphate 
anions in solution (Figure 2.7), depending on the pH solution.  

A significant number of researches have focused on removing phosphate by zirconium-
based materials, such as amorphous zirconium hydroxide, mesoporous zirconium oxide, 
amorphous zirconium oxide nanoparticles, and hydrated zirconium oxide [67 70]. It has 
been reported that the functionalization of zirconium noticeably enhanced the phosphate 
adsorption capacity of adsorbents. This enhancement can be associated with the fact that 
zirconium is readily hydrolyzed to produce abundant hydroxyl ions and water molecules by 
forming tetranuclear ions or octanuclear species, where hydroxyl bonds in the metal 
surfaces are involved in the ligand exchange reaction with phosphate ions in solution [71]. 
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Moreover, the chemical inertness of zirconia is envisaged to enhance the chemical stability 
of modified adsorbents, considering that the sensitivity of some adsorbents towards pH 
changes becomes a significant issue for real wastewater treatment applications. 

Figure 2.7  Phosphate adsorption mechanisms of zirconium (hydr)oxides [65]. 

2.3.2 LDH as phosphate adsorbent

Layered double hydroxide (LDH) materials, also known as hydrotalcite-like compounds, 
are layered material with hydroxide sheets, where a net positive charge is developed on the 
brucite-like octahedral layers because trivalent cations substitute divalent cations partially. 
The net positively charged layers are compensated by anions in the interlayer region, such 
as  and , along with hydrogen-bonded water molecule. The typical formula of LDH 
structures can be expressed as can be represented as [M1-x2+ Mx3+ (OH)2]x+ (An )x/n · mH2O, 
where M2+ and M3+ are divalent (e.g., Mg2+, Zn2+, etc.) and trivalent cations (e.g., Fe3+, Al3+, 
etc.), respectively; An  is the interlayer anion of valence n, and x is the molar ratio of 
M3+/(M2+  + Mx3+) that typically ranges from 0.18 to 0.33 [72].  The structure of LDH can be 
described in Figure 2.8a. 

LDH materials have been reported to be promising selective ion exchangers for 
phosphate [72]. LDH materials capture phosphate from aqueous solution by surface 
adsorption and anion exchange, as shown in Figure 2.8b. Anion exchangeability of LDH is 
due to the relatively weak interlayer bonding. Therefore, it can be easily replaced by organic 
and inorganic anions. Recently, some studies have been dedicated to the design and 
application of LDH as an adsorbent for phosphate removal in an aqueous solution. These 
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include Mg-Fe LDH, Mg-Al LDH, Ca-Al LDH, chloride-Zn-Al LDH, chloride-Zn-Al-Fe LDH, and 
so on [72,73]. Moreover, the modification of LDH with different metal cations of valence +2, 
+3, and even +4 was carried out to engineer the selectivity of LDH as adsorbents. Besides 
being recognized as naturally occurring minerals, LDH materials are also relatively simple 
and economical to synthesize [73]. One of the significant advantages of LDH materials is 
that they are composed of hydroxides of metals abundant on Earth. Nevertheless, LDH 
materials have several drawbacks that are still becoming problems for their large-scale 
phosphate treatment applications. First, potential dissolution of LDH constituent metals, 
especially at an acidic solution. Second, regeneration LDH adsorbents can be costly due to 
the involvement of the calcination process. Third, adsorption by using calcined LDH 
significantly increased the basicity of treated water [73]. 

Figure 2.8  (a) Schematic structure of layered double hydroxides and (b) mechanism of 
phosphate anion exchange and surface adsorption on LDH. 

2.3.3 Synthesis of zirconium-functionalized LDH as phosphate adsorbent

Since zirconium is a pretty expensive material, the full use of zirconium in phosphorus 
removal is relatively high cost. To reduce the cost of zirconium usage as an adsorbent, it is 
necessary to combine zirconium with other low-cost materials to make it more cost-
effective. In addition to reducing the production costs, the zirconium-modified adsorbents 

(a) 

(b) 
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are also supposed to have better phosphate adsorption performance. Several studies have 
been carried out to combine zirconium with other cheap materials, such as zirconium-
loaded okara and zirconium-modified chitosan beads [74,75].  

Because of the large surface area and high amounts of hydroxyl groups on zirconium 
(hydroxides), the modified LDH materials by zirconium (hydr)oxides are envisaged to have 
a better ability to remove phosphate from water than single LDH adsorbents. Besides that, 
the LDH materials are economical to synthesize, which can reduce the preparation cost. The 
interaction mechanisms between zirconium-LDH-based adsorbents and phosphate are the 
combination of ligand exchange reaction and anion exchange mechanisms. In addition, it 
was reported that zirconium introduction to LDH materials enhanced phosphate adsorption 
in seawater, which contains plenty of other anions, although most of LDH adsorbents are 
not suitable for phosphate adsorption in seawater [76]. 

2.3.4 The current state of research

Several zirconium-modified LDH adsorbents have been studied, and most of them for 
phosphate removal. For example, zirconium ion modified MgAl-LDH was found to consist of 
binary MgAl-LDH and amorphous zirconium oxide, which provides a superior phosphate 
adsorption property [76]. Superparamagnetic microparticles modified MgFe-Zr LDH was 
reported to have high phosphate adsorption capacity and excellent reusability for 15 
adsorption/desorption cycles [77]. Zirconium-modified Mg-Fe LDH showed an enhanced 
phosphate removal, which has been associated with the presence of zirconium hydroxides 
on the LDH sheets [78]. These adsorbents were synthesized by conventional coprecipitation 
method. However, several studies reported that the coprecipitation method in zirconium-
modified LDH synthesis involved the distribution of Zr ions in the octahedral sites of the 
brucite-like layers of LDH, instead of producing pure composite materials [79,80], which 
may affect the phosphate adsorption of modified materials.  

2.4 Mathematical models for phosphate adsorption

2.4.1 Adsorption kinetics

Adsorption kinetics is the most vital parameter to examine when designing an 
adsorption system. Adsorption kinetics is the measure of the rate of adsorption uptake with 
respect to a constant concentration and is applied for studying the diffusion of adsorbate in 
the adsorbent surface. Typical kinetics models frequently used to simulate the adsorbent-
adsorbate interaction are pseudo-first-order, pseudo-second-order, Elovich, and Intra-
particle diffusion models. Pseudo-first-order kinetic model (or Lagergren model) assumes 
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that adsorption occurs via diffusion through the adsorbent surface, while the pseudo-
second-order kinetic model assumes the adsorption process is controlled by adsorption 
reaction at the adsorbent surface. Pseudo-first-order and pseudo-second-order can be 
determined by Equation 2.1 and 2.2 [75], respectively: 

where  and  (mg g-1) are the amount of adsorbed phosphate at equilibrium and time t, 
respectively;  (h-1) and  (g mg-1·h-1) are the rate constant of the pseudo-first-order 
model and pseudo-second-order model, respectively. 

Elovich kinetics model assumes that the adsorption rate exponentially decreases as the 
amount of adsorbed solute increases on the adsorbent surface without any interaction 
among adsorbed species. The Elovich kinetic model is represented as Equation 3.3 [75]: 

where  is the initial adsorption rate (mg g-1 h-1) and  is related to the extent of surface 
coverage and activation energy for chemisorption (g mg-1). 

The intra-particle diffusion model is widely employed to examine the rate-limiting step 
during adsorption, where the adsorption in solution involves film diffusion, surface diffusion, 
and pore diffusion. Intra-particle diffusion can be determined by Equation 2.4 [75]: 

where  is the intraparticle diffusion rate constant (mg g-1 h-0.5). 
Among the models mentioned above, pseudo-first-order and pseudo-second-order are 

widely employed in almost every adsorption process. The compatibility of the kinetics 
model is determined by correlation coefficient (R2) or Sum of Squared Errors (SSE). To 
examine the suitability of adsorption kinetics, linear forms have been applied. 

2.4.2 Adsorption isotherm

The information about adsorption mechanisms is essential to design the adsorbents 
and the adsorption systems. The adsorption mechanisms have been widely explored by the 
modelling of adsorption data by isotherm models. Moreover, the adsorption isotherm 
models can be used to obtain the data of maximum adsorption capacity, which is essential 
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in the estimation of the adsorbent performance. The adsorption isotherms explain the 
relation between the adsorbate concentration and its degree of accumulation onto an 
adsorbent surface at a constant temperature. Several isotherms models have been widely 
applied in adsorption systems, such as the Langmuir model, Freundlich model, Temkin 
model, and Dubinin Radushkevich (D-R). 

At first, the most widely used applied Langmuir isotherm was developed to represent 
the gas-solid adsorption. It assumes that the adsorption is monolayer, the distribution of 
adsorption sites is homogeneous, the adsorption energy is constant, and the interaction 
between adsorbed species is negligible. The Langmuir isotherm is presented by Equation 
2.5: 

where  (mg-P L-1) is the phosphate equilibrium concentration,  (mg-P g-1) is the 
equilibrium adsorption capacity of the adsorbent,  (mg g-1) is the theoretical maximum 
adsorption capacity of the adsorbent,  (L g-1) is the Langmuir adsorption constant 
associated with the adsorption energy. 

The Freundlich model is applied to represent the nonlinear adsorption phenomenon. 
The Freundlich model has been considered an empirical equation without physical meaning 
and represents the multi-layer adsorption on heterogamous surfaces. The Freundlich model 
is defined by Equation 2.6 [81]: 

where  (mg g-1) is the Freundlich adsorption constant associated with the adsorption 
capacity, and  is a constant related to adsorption intensity or surface heterogeneity. 

The Temkin model presumes that adsorption is a multi-layer process, where extremely 
high and low adsorbate concentrations in the liquid phase are ignored. The Temkin model 
is described by Equation 2.7 [81]:  

where  (L mg-1) and  (J mol-1) are an equilibrium binding constant and a constant related 
to the heat of adsorption, respectively;  is the universal gas constant (8.314 J K 1 mol 1), 
and  (K) is the absolute temperature. 

The D-R model was proposed to represent the adsorption of vapors on solids, based on 
the assumption that the distribution of pores in adsorbent follows the Gaussian energy 
distribution. The D-R model is described by Equation 2.8 [81]: 
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where  (kJ mol-1) is the mean free energy of adsorption.  

2.4.3 Adsorption thermodynamics

The temperature has a significant influence on the adsorption process. Thermodynamic 
parameters are essential to examine the spontaneity and feasibility of the adsorption 
process. Some thermodynamic parameters of adsorption, which are standard free energy 
change, enthalpy, and entropy, can be calculated from the adsorption isotherm at different 
temperatures by using Equation 2.9 and 2.10 [75]: 

where  is the distribution coefficient,  (kJ mol-1) is the change of Gibbs energy, and 
 (kJ mol-1 K-1) and  (kJ mol-1) are the change of entropy and enthalpy, respectively. 

The values of  and  were determined by the plot of  and , where the 
intercept and the slope of the plot correspond to  and , respectively. The 
thermodynamic parameters of   and  can be determined from the slope and 
intercept of  versus  linear plotting, where  is obtained from the slope of the 
plot  against  at different temperatures and extrapolating to zero [75] .  

2.4.4 Breakthrough prediction of fixed-bed column adsorption

In practical application, adsorbents are usually applied in fixed-bed columns. A Fixed-
bed column has been considered as an industrially feasible technique for phosphate 
removal from wastewater. The performance of fixed-bed columns is commonly studied 
through breakthrough curves. Breakthrough curves represent the function of the effluent 
concentration of pollutants versus time in a fixed-bed column process. The dynamic 
behavior of a fixed-bed column can be explained in terms of the mass transfer zone (MTZ) 
that travels through the bed as a function of mass loading and saturation of the adsorbent, 
as shown in Figure 2.10.  MTZ can be defined as the length of the region where the 
adsorption takes place. The time when the front of MTZ just reaches the end of the bed is 
called breakthrough time. Exhaustion time is when effluent concentration is about equal to 
influent concentration, and the bed is unable to remove adsorbate further. 
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s 
shown in Figure 2.9, but with varying steepness [82]. This steepness depends on several 
factors, including the adsorbate's physical and chemical properties, the adsorbent, the 
particular rate-limiting mechanisms involved, the depth of the bed, and the velocity of flow 
[59]. Slow mass transfer results in flat curves, whereas fast mass transfer leads to sharp step 
curves. 

Figure 2.9  Mass transfer zone and breakthrough curve of adsorption process in a fixed-bed column 
in different stages. 

Several mathematical mass transfer models have been developed to predict the 
behavior of dynamic adsorption onto a fixed-bed column adsorption system. The modeling 
of breakthrough curves is significant for designing a column adsorption system for practical 
applications. In this study, three nonlinear mathematical model equations, Yoon-Nelson, 
Thomas, and modified-dose-response (MDR) models, were used. The Yoon-Nelson model 
is developed based on the assumption that the decrease in the adsorption probability of 
each molecule is proportional to the adsorption probability of the molecule and the 
probability of the molecule breakthrough on the adsorbent. The Yoon-Nelson model can be 
expressed by Equation 2.11 [74]: 



26 

where  and  are the influent and effluent phosphate concentrations (mg/L), 
respectively,  is the time required to reach exhaustion time (min),   is the Yoon-Nelson 
kinetic coefficient (1/min), and  is the time required for 50% phosphate adsorption 
breakthrough (min). 

The Thomas model is one of the most general and widely used theoretical methods to 
describe column performance. It assumes that the adsorption is only controlled by the 
surface reaction between adsorbate and adsorbent surface, where the effects of 
intraparticle diffusion and external film resistances are neglected. Thomas model is 
presented by Equation 2.11 [74]: 

where  is the flow rate (mL min-1),   is the predicted adsorption capacity of the Thomas 
model (mg/g), and  is the Thomas kinetic coefficient (L/mg min). 

A model initially developed for pharmacological studies, the MDR model, was 
developed based on mathematical issues to reduce the error resulting from the Thomas 
model. The MDR model can be expressed by Equation 2.13 [83]: 

where  is the weight of adsorbent packed inside the column (g),  is the predicted 
adsorption capacity of the MDR model (mg/g), and  is an MDR model parameter. 
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CHAPTER 3

PHOSPHATE ADSORPTION AND DESORPTION ON TWO-STAGE SYNTHESIZED AMORPHOUS-
ZIRCONIUM (HYDR)OXIDE/MgFe LAYERED DOUBLE HYDROXIDES COMPOSITE

3.1. Introduction

Phosphorus is imperative for the growth of all living things and is also used in food 
production [1]. However, excessive discharge of phosphorus in water bodies often causes 
serious eutrophication problems, which leads to algal blooms, the disruption of aquatic 
ecosystems, and water quality deterioration [2]. Different treatment techniques have been 
developed to eliminate phosphorus (usually existing as phosphate in water) contamination, 
including biological and chemical methods, which have been widely used in wastewater 
treatment [3]. However, these methods have some limitations, such as the high cost of 
neutralizing products and handling the produced sludge for chemical methods [4], and 
inefficient elimination of trace levels of phosphate for biological methods [5]. Moreover, 
the resultant treated water often fails to meet the strict regulatory quality standard for 
phosphorus, which has recently become more stringent for wastewater treatment in some 
countries [6]. For example, the standard has been revised from 1.0 to 0.5 mg-P L-1 in China, 
and from 2.0 to 0.2 mg-P L-1 in some areas of Korea [7]. The concentration of phosphorus 
must be maintained as low as possible even in waterbodies that are assessed as having a 

in order to conserve the water environment for the next 
generation, especially considering the difficulty of restoring eutrophic waterbodies. 

Phosphate rock deposits are a non-renewable resource, and experts estimate that 
reserves will only last until 2170, given the present usage and population growth rate [8]. 
Hence, the recovery and reuse of phosphorus offer the best strategies to meet the future 
phosphorus demand. Accordingly, adsorption represents a fascinating separation technique 
for phosphate from water because of the possibility of phosphorus recovery [5]. Moreover, 
this approach has many advantages, such as efficient, easy operating conditions, low sludge 
production, and the possibility of regenerating the adsorbent [9]. 

In recent decades, layered double hydroxides (LDH) materials have become very 
attractive as an inorganic anion adsorbent for deterging pollution in nature by anion 
exchange in the interlayer [10]. LDH is a layered material with hydroxide sheets, where a 
net positive charge is developed on the layer because trivalent cations partially substitute 
divalent cations. Unfortunately, the anion adsorption capacity of LDH is greatly influenced 
by the calcination process during the synthesis of LDH, whereby calcined LDH generally 
exhibits a higher adsorption capacity than uncalcined LDH [11,12]. Moreover, a high 
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temperature, which requires additional energy, is needed both for the synthesis process 
and for the reuse of the material. In this study, a new composite of LDH is explored to 
eliminate the high-temperature requirement during the synthesis process. 

Many researchers have reported that the functionalization of zirconium (hydr)oxide, an 
eco-friendly compound, markedly enhanced the phosphate adsorption ability of adsorbents 
[13 15]. This clearly relates to the fact that Zr(IV) is easily hydrolyzed to form tetranuclear 
ions or octanuclear species, thus producing a large number of hydroxyl ions and water 
molecules, which are involved in the exchange of ligands with phosphate ions in solution 
[16]. However, the application of pure zirconia is relatively high cost and requires a 
combination with other low-cost materials to make it more cost-effective. Since LDH is a 
bio-safe, low-cost, and environmentally friendly [17], combining zirconia with LDH is an 
attractive approach to lower the cost of zirconia application and produce an environment-
friendly adsorbent. Moreover, enabling crystallization of zirconium (hydr)oxides on the LDH 
matrix can suppress the crystal growth resulting in nanosized particles, in which nanosized 
adsorbents are preferable because the crystal has a large number of adsorption sites. 

Several studies have investigated the adsorption of phosphate by Zr modified LDH [18
20]. However, the type of modification of Zr to LDH remains unclear, as research is 
inconclusive over whether the Zr ions are distributed in the octahedral sites of the LDH layer, 
or if the growth of zirconium (hydr)oxides occurs separately and they form a composite with 
LDH. As reported by Tichit et al. (2002) and Velu et al. (1998), the mixing of solutions 
simultaneously containing LDH and Zr ions by a simple coprecipitation method resulted in 
the modification and incorporation of Zr into the LDH layers [21,22]. Although the uptake 
properties of phosphate by Zr modified MgFe layered double hydroxides (MgFe-LDH), which 
was synthesized with the coprecipitation method, were studied by Chitrakar et al. 
(especially in seawater) [18], the effect of zirconium (hydr)oxide on the adsorption stability 
of composites at low pH, as well as the adsorption kinetics and thermodynamics of 
composites, have not yet been explained. 

In this study, a composite of amorphous zirconium (hydr)oxide (am-Zr) and MgFe-LDH 
was synthesized, and its application for phosphate removal was systematically examined. 
The synthesis of the LDH and the addition of Zr to the LDH were performed separately into 
two stages to minimize the possibility of the LDH structural layer being modified by Zr ions. 
This new preparation method implies further investigation of phosphate adsorption 
characteristics of the composite, whereas a different preparation method could change the 
phosphate adsorption property of the same materials [19]. The characteristics of the 
composite at different Zr:Fe molar ratios were investigated, and their effect on the 
phosphate adsorption capacity was evaluated. The effect of pH and competing anions on 
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phosphate adsorption to the composite were also examined. Furthermore, adsorption 
kinetics, isotherm, and thermodynamic models were applied to explain the properties of 
phosphate adsorption. Meanwhile, the reusability of the composite as phosphate 
adsorbent was also considered. 

3.2 Materials and methods

3.2.1 Materials

All the chemicals used in this study (FeCl3·6H2O, MgCl2·6H2O, ZrOCl2·8H2O, Na2CO3, 
K2HPO4, NaOH, and HCl) were analytical pure-grade reagents that acquired from FUJIFILM 
Wako Pure Chemical Corporation, and used in their conditions as received without further 
purification. Deionized (DI) water was used for the preparation of the metal salt solutions. 

3.2.2 Preparation of am-Zr/MgFe-LDH

The composites were synthesized in two stages by the combination of coprecipitation 
and hydrothermal methods. For the first stage, a solution containing FeCl3 and MgCl2 with 
an Mg2+:Fe3+ molar ratio of 3:1 and a solution containing 1 M NaOH and 1 M Na2CO3 with a 
3:1 volume ratio were added dropwise into 200 mL DI water under vigorous stirring. A pH 
of 10 was maintained under continuous stirring at room temperature (~ 298 K) for 30 min. 
The obtained gel was filtered and washed five times with DI water. For the second stage, 
the fresh LDH gel was dissolved into 500 mL of DI water. Different volumes of 1 M ZrOCl2

were added to obtain various Zr contents in the composites (0.5, 1.0, 1.5, and 2.0 Zr/Fe 
molar ratios). Concurrently, a 25% NaOH solution was added to precipitate out the 
zirconium (hydr)oxide until a pH of ~10 was reached, and was then stirred continuously for 
30 min. The resultant precipitates were aged at 353 K for 24 h, whereby the gel was left in 
solution as a means of improving its crystallization. They were then separated and washed 
by DI water until the filtrate pH was ~7 before being dried in an oven at 353 K for 24 h. As a 
comparison, MgFe-LDH (hereafter LDH) and am-Zr were also synthesized separately under 
the same conditions as those used for the composite synthesis. Calcined samples were 
obtained by heating at 573 K for 3 h. 

3.2.3 Characterization of am-Zr/MgFe-LDH

X-ray diffraction (XRD) patterns were recorded on Rigaku Ultima IV Protectus 
diffractometer using Cu- -1 and 2
angle ranging from 5° to 70°. Fourier-transform infrared (FTIR) spectra of the samples were 
recorded on a Jasco FT/IR-4600 spectrophotometer within the range of 4000 to 600 cm-1. 
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Scanning electron microscopy (SEM) images were collected by using a JEOL JSM-7600F field 
emission SEM at an accelerating voltage of 5 kV, in which the powdered samples were 
prepared on a carbon tape coated with a platinum film. X-ray photoelectron spectroscopy 
(XPS) spectra were obtained using a Thermo Scientific K-alpha X-ray photoelectron 
spectrometer. 

3.2.4 Batch adsorption experiments

K2HPO4 (99.0%) was used to prepare a stock of phosphate solution, which was then 
diluted to the desired concentration using DI water to obtain the working solution. The 
solution was adjusted to the desired pH by using diluted HCl and NaOH. The sample (0.01 
g) was shaken in 100 mL of the K2HPO4 solution (10 mg-P L-1) at 140 rpm for 24 h. The 

phosphate concentration was analyzed in triplicate using the ascorbic acid method and a 
Hitachi U-1800 UV/vis spectrophotometer at a wavelength of 880 nm. The phosphate 
adsorption capacity was calculated using Equation (3.1): 

where  is the amount of adsorbed phosphate (mg-P g-1),  and  are the initial and 
residual phosphate concentrations (mg L-1), respectively,  is the weight of the adsorbent 
(g), and  is the volume of the solution (L). 

The effects of pH and competing anions on the adsorption capacity were investigated 
by shaking 0.01 g of sample in 100 mL of 3 mg-P L-1 phosphate solution at different pH (2
10) and concentrations (0.005 M and 0.01 M) of anions (Cl , NO3 , SO4 , and HCO3 ), 
respectively. The adsorption kinetics was investigated by shaking a 0.01 g sample in 100 mL 
of 10 mg-P L-1 phosphate solution. At various intervals between 0.5 h to 36 h, supernatants 
were collected for the determination of their phosphate concentration. The adsorption 
thermodynamics and adsorption isotherm were studied by different initial phosphate 
concentrations (1 50 mg L-1) at three different temperatures (290, 307, and 324 K) for 24 h. 

3.2.5 Desorption experiments

The desorption ability of the adsorbent was investigated using NaOH (0.01, 0.1, 1, and 
2 N) solutions at time intervals between 1 and 60 min. After the adsorption of 0.1 g of each 
sample in 10 mg-P L-1 of phosphate solution, the phosphate-loaded samples were filtered 
and dried at 373 K for 24 h. The dried samples were subsequently dispersed in 50 mL of 
each NaOH solution and shaken at 150 rpm. The phosphate concentration in the 
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supernatants was measured as previously described in Section 2.4. The reusability of the 
adsorbent was examined by reusing the desorbed adsorbent in a seven-cycle adsorption-
desorption experiment and measuring the adsorption performance at the end of each cycle. 
In each re-adsorption experiment, the sample was dried at 373 K for 24 h prior to the 
subsequent adsorption. The desorption efficiency (%) was calculated using Equation (3.2): 

where  is the phosphate concentration (mg L-1) after the desorption process,  is the 
volume of solution (L),  is the amount of phosphate adsorbed before the desorption 
process (mg-P g-1), and  is the weight of adsorbent (g). 

3.3 Results and discussion

3.3.1 Effect of Zr molar ratio and calcination

Figure 3.1a shows the phosphate adsorption ability of the LDH, am-Zr, and the 
composites both before and after calcination at 573 K. The composites are denoted as 
Zr(x)/LDH, where x stands for the Zr/Fe molar ratio in the composite. Calcination caused a 
significant increase in the phosphate adsorption of the LDH. This was due to the surface 
adsorption and memory effect (layered structure reconstruction) phenomena in the 
calcined LDH, while in the uncalcined LDH, most of the phosphate adsorption was only 
caused by anion exchange [23]. The addition of am-Zr to the LDH matrix in the calcined 
samples markedly decreased the adsorption capacity. The calcination process crystallized 
am-Zr to tetragonal ZrO2 by eliminating the hydroxyl groups that were involved in the 
adsorption of phosphate as active sites, thus resulting in a significant reduction in 
phosphate adsorption. 

The introduction of am-Zr in the LDH matrix in the uncalcined samples increased the 
adsorption capacity as the Zr content increased. In particular, a significant increase in the 
adsorption capacity occurred as the Zr/Fe molar ratio increased from 0 to 1.5 (from 30.40 
mg-P g-1 to 35.40 mg-P g-1); however, only a slight increase was observed (to 35.70 mg-P g-

1) when the molar ratio was further increased to 2. The composites, except Zr(0.5)/LDH, had 
much higher adsorption capacities than the LDH (17.99 mg-P g-1) and am-Zr (32.00 mg-P g-

1) samples individually.  
The feasibility of adsorbents to economically adsorb phosphate based on the 

adsorption capacity obtained from the batch studies is shown in Figure 3.1b. The figure 
shows the cost of each adsorbent necessary to remove 1 mg-P of phosphate from a solution 
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derived from the use of chemicals in the preparation and energy in calcination. The figure 
specifies that the cost associated with the uncalcined composite with Zr/Fe molar ratio of 
1.5 was found to be less than other studied adsorbents, except for the ratio of 2.0 that 
shows the same cost. The cost was not effectively decreased by further increasing the Zr/Fe 
molar ratio from 1.5 to 2.0. The price for removing phosphorus by am-Zr(1.5)/LDH was 
about half less in comparison to the calcined LDH. The elimination of the calcination process 
during the LDH synthesis by combining it with am-Zr can produce an economically feasible 
adsorbent. Moreover, the costs for phosphate removal by uncalcined composites are lower 
than am-Zr, indicating that the price of fully am-Zr usage as an adsorbent can be reduced 
by composite synthesis. Based on this result, the uncalcined Zr(1.5)/LDH sample was chosen 

specifically to this sample.

Figure 3.1  (a) Phosphate adsorption on LDH, composites, and am-Zr, before and after calcination 
(Phosphate concentration: 10 mg-P L-1; Dosage: 0.01 g; Volume: 100 mL; T = ~298 K; pH = 7; t = 24 
h), and (b) Comparative cost for the removal of 1 mg-P of phosphate using studied adsorbents. 

3.3.2 Characterization

The XRD patterns of the uncalcined LDH, am-Zr, composites are illustrated in Figure 
3.2a. A broad halo around 20 40° of 2  was observed in am-Zr, which is the typical pattern 
of amorphous zirconium (hydr)oxide [20]. The uncalcined LDH exhibited sharp peaks at 2
of 11.6°, 23.14°, 34.24°, 38.46°, 45.64°, 59.64°, and 60.92°, which correlated with planes 
(003), (006), (009), (015), (018), (110), and (113) of LDH, respectively [24]. These typical 
peaks of LDH were also observed in the composites. The lattice parameters c and a of the 
LDH, which are related to the distance between two neighboring LDH layers and mean 
cation cation space, respectively, were calculated using c = d003 + 2d006 + 3d009 and a = 2d110 

[25]. These parameters were approximately the same between the LDH (c = 23.16 Å and a

(a) (b) 
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= 3.08 Å) and the Zr(1.5)/LDH (c = 23.20 Å and a = 3.10 Å), thus indicating that the LDH layers 
were not modified by Zr atoms. In addition, the broad halo of the am-Zr was also observed 
in all of the composites, which indicates that they were the combination of the LDH and am-
Zr with no other observed phase. With a lowering of the crystallinity, the adsorption 
capacity of the composite increased. This signifies that the lowering of the crystallinity 
corresponded to an increased specific surface area of the composite and an increased 
amount of hydroxyl groups that acted as active sites [26]. 

Figure 3.2  X-ray powder diffraction patterns of LDH, composites, and am-Zr (a) before calcination, 
and (b) after calcination. 

Figure 3.2b displays the XRD patterns of samples after calcination at 573 K for 3 hours. 
The am-Zr showed the typical diffraction peaks for tetragonal ZrO2. However, none of the 
composites exhibited diffraction peaks for crystalline ZrO2, thus indicating that zirconium 
hydroxide remained amorphous and had just started to be crystallized and had a very small 
tetragonal crystal, which was due to the interference of the LDH structure that collapsed 
during the calcination process. The patterns for the LDH and composite indicate that the 
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layered structure of the LDH completely collapsed due to the removal of structural water 
and carbonate anions from the interlayer. 

The FTIR spectra of the LDH, composite, and am-Zr samples before calcination in the 
range of 4000 600 cm-1 is shown in Figure 3.3a. The OH stretching vibration and LDH 
interlayer carbonate regions can be found in this region. The intense and broad absorption 
band centered at around ~3430 cm-1 and the band at ~1640 cm-1 in all spectra could be 
attributed to the O-H stretching and bending vibrations caused by hydroxyl groups and 
physically adsorbed water molecules in the samples, respectively [27]. By comparing the 
FTIR spectrum of the composite with that of LDH and am-Zr, the bands of the Zr-OH bending 
vibration were observed at around ~1353 cm-1 and ~1565 cm-1, and the band indicating 
CO32- antisymmetric stretching in the interlayer was detected at ~1358 cm-1 [28,29]. 

Figure 3.3  FTIR spectra of LDH, composite (Zr(1.5)/LDH), and am-Zr before calcination in the range 
of (a) 4000 600 cm-1, and (b) 550 350 cm-1. 

The lattice vibrations for all samples can be observed in the range of 550 350 cm-1 in 
the FTIR spectra, as shown in Figure 3.3b. All the bands marked for the LDH reference 
sample in Figure 3.3b represent the bending and stretching vibration of M O, M O M, and 
O M O (M = Mg and Fe) [30 36]. The as-prepared am-Zr sample shows strong absorption 
bands ~380 cm-1 and ~389 cm-1 which are indicative for amorphous zirconia [37,38]. 
Moreover, the tetragonal zirconia (t-ZrO2) bands [37,39 44] are also found in the am-Zr 
sample, as shown in Figure 3.3b, which demonstrate that the nucleation of the metastable 
t-ZrO2 phase occurred at a few favored points inside the amorphous phase of the am-Zr 
sample during synthesis. This was predictable since the amorphous zirconium hydroxide has 
a similar structure with t-ZrO2, and consequently it promotes the crystallization of t-ZrO2

nanocomposite from amorphous structure [45]. All the observed bands in am-Zr and LDH 



43 

samples are found in the spectra of the composite sample, which signifies that the 
composite comprises the two primary components, i.e. am-Zr and MgFe-LDH. 

The SEM images of the LDH, am-Zr, and composite are presented in Figure 3.4a 3.4c. 
The image of the LDH shows the formation of a platelet-like layered structure, which is 
characteristic of LDH materials, while the image of am-Zr appears to show nanosized 
particles agglomerated to a coral-like shape. The micrograph of the as-prepared composite 
reveals that the platelet-like structure of the LDH was demolished and broke into smaller 
nanoparticles with many pores. This combination suppressed the growth of the crystal size 
and reduced the agglomeration of ultrafine-sized zirconium (hydr)oxide. The morphology 
of the composite after adsorption (Figure 3.4d) was changed by the formation of a 
phosphate substance layer on its surface. From the typical XPS spectra shown in Figure 3.4e, 
the adsorption of phosphate onto the composite surface was confirmed by the appearance 
of the P 2p peak at 134.08 eV after adsorption [46]. 

Figure 3.4  Scanning electron micrographs of (a) LDH, (b) am-Zr, (c) composite before adsorption, 
and (d) composite after adsorption, and (e) XPS spectra of the composite before and after 
phosphate adsorption. 

3.3.3 Effect of solution pH

The initial pH dependence graph of phosphate adsorption on the adsorbents is 
displayed in Figure 3.5. The composite and am-Zr exhibited a high phosphate adsorption 

sharply, which was possibly due to the potential dissolution of Fe and Mg in the LDH at very 
low pH [47]. The composite could maintain its adsorption ability at pH 2, which was mainly 
due to the high chemical inertness of zirconium (hydr)oxide even though the LDH could not 
preserve its structure at such low pH. 
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The high phosphate adsorption at low pH was primarily caused by the positively 
charged adsorbent surface due to protonated hydroxyl groups (OH2+), which strongly 
attracted phosphate anions (Li et al., 2016). On the other hand, the decreased removal 
efficiency at high pH was attributable to the adsorbent surface, which gradually became 
more negative due to the increased OH- ions at higher pH. This led to a higher competition 
with phosphate ions for binding sites on the surface [49]. Moreover, H2PO4  exists at low 
pH (2.1 7.2) and is more easily adsorbed on hydrated metal oxides than HPO4 that exists 
at pH 7.2 12.36, thus resulting in a lower adsorption capacity at high pH [50]. 

Figure 3.5  Effect initial pH on phosphate adsorption. (Phosphate concentration: 3 mg-P L-1; 
Dosage: 0.01 g; Volume: 100 mL; T = ~298 K; t = 24 h). 

The composite showed the highest adsorption over a wide initial pH range of 4 10, 
thereby indicating that adsorption on the composite was less dependent on the surface 
charge in comparison to the LDH and am-Zr. The am-Zr on the surface of the LDH likely 
increased the number of active sites and surface area, which minimized the competition of 
OH  ions at high pH. The Lewis acid-base reaction was involved in adsorption under alkaline 
conditions and was intensified at high pH [46]. The active sites of the adsorbent acted as 
the Lewis acid, especially Zr atoms that have empty d-orbitals, whereas phosphate anions 
acted as the Lewis base and donated electrons to form a bond. This result implied that the 
composite has a wide applicable scope of the pH ranging from 2 to 10, which is suitable for 
practical utilization, considering that some adsorbents are susceptible to a wide pH range 
and become a serious problem for wastewater treatment applications that require a long 
contact time. 
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3.3.4 Effect of competing anions

Some anions, such as chloride (Cl ), nitrate (NO3 ), sulfate (SO4 ), and bicarbonate 
(HCO3 ), exist along with phosphate ions in water bodies and wastewater and compete for 
adsorption sites on adsorbents. The phosphate removal efficiency in some ion solutions was 
measured to examine the selectivity of phosphate adsorption on the composite. The results 
are shown in Figure 3.6, which illustrates that the coexistence of Cl , NO3 , and SO4 ions 
had no significant effect on phosphate adsorption, whereas the presence of HCO3

considerably decreased the removal efficiency. The HCO3  ion at a high concentration (high 
ratio of CO3/PO4) and pH > 7 has been found to generate a highly competitive effect with 
phosphate [51], whereby HCO3 also forms inner-sphere complexation with metal 
hydroxide surfaces [52]. The strong pentacyclic complex formed between Zr4+ and HCO3 in 
the surface of the composite greatly inhibited the adsorption of phosphate on the 
composite [53]. Moreover, the addition of HCO3  would be expected to raise the original 
solution pH to a basic condition which would, in turn, also decrease adsorption capacity. 
The results indicate that the composite is unsuitable for remediating phosphate from 
wastewater with a high HCO3  concentration. 

Figure 3.6  Effect of common competing anions Cl-, NO3
-, SO4

2- , and HCO3
- on the phosphate 

removal efficiency. (Phosphate concentration: 3 mg-P L-1; Dosage: 0.01 g; Volume: 100 mL; T = ~298 
K; t = 24 h). 

3.3.5 Adsorption kinetics

The phosphate adsorption kinetics of the synthesized LDH, composite, and am-Zr are 
presented in Figure 3.7a. A rapid phosphate adsorption onto the composite was observed 
within the initial 6 hours, which then became slower until reaching equilibrium. This 
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adsorption rate was faster than that of am-Zr, which became slower and reached 
equilibrium after 9 hours. The LDH reached equilibrium for ~3 hours, but the adsorption 
capacity was markedly lower than that of the other samples. 

To investigate the phosphate adsorption characteristics of the composite, the 
adsorption kinetics were analyzed using pseudo-first-order and pseudo-second-order 
models. These models are given by Equation (3.3) and (3.4), respectively: 

where  and  (mg g-1) are the amount of adsorbed phosphate at equilibrium and time t, 
respectively;  (h-1) and  (g mg-1 h-1) are the rate constant of the pseudo-first-order 
model and pseudo-second-order model, respectively. 

Figure 3.7  The plots of: (a) phosphate adsorption capacity of LDH, composite, and am-Zr vs. 
contact time, (b) pseudo-first-order model of composite, and (c) pseudo-second-order model of 
composite. (Phosphate concentration: 10 mg-P L-1; Dosage: 0.01 g; Volume: 100 mL; T = ~298 K; pH 
= 7).

The linear regressions of the pseudo-first-order and pseudo-second-order models are 
presented in Figure 3.7b and 3.7c, respectively, and the detailed parametric data are shown 
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in Table 3.1. The correlation coefficient ( ) of the pseudo-second-order model was higher 
than that of the pseudo-first-order model, and the calculated value of  (36.90 mg g-1) 
obtained from the pseudo-second-order model was close to the experimental value of 
(36.13 mg-P g-1). This indicates that the phosphate adsorption process by the am-Zr/MgFe-
LDH followed the pseudo-second-order model and chemisorption took control of the 
adsorption [54]. 

Table 3.1  Kinetic model parameters for phosphate adsorption by am-Zr/MgFe-LDH. 
Kinetics model Parameter Value 
Pseudo-first-order model  (mg-P g-1) 36.13 

 (mg g-1) 17.29 
 (h-1) 0.3277 

0.8834 
Pseudo-second-order model  (mg-P g-1) 36.13 

 (mg g-1) 36.90 
 (g mg-1·h-1) 0.0268 

0.9996 

3.3.6 Adsorption isotherm

To understand the type of phosphate adsorption onto the composite, the adsorption 
isotherm was calculated using Langmuir, Freundlich, Temkin, and Dubinin Radushkevich 
(D-R) isotherm models, which are defined by Equation (3.5), (3.6), (3.7), and (3.8) 
respectively: 

where  (mg-P L-1) is the phosphate equilibrium concentration;  (mg-P g-1) is the 
equilibrium adsorption capacity of the adsorbent;  (mg g-1) is the theoretical maximum 
adsorption capacity of the adsorbent;  (L g-1) is the Langmuir adsorption constant 
associated with the adsorption energy;  (mg g-1) is the Freundlich adsorption constant 
associated with the adsorption capacity;  is a constant related to adsorption intensity or 
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surface heterogeneity;  (L mg-1) and  (J mol-1) are an equilibrium binding constant and 
a constant related to the heat of adsorption, respectively;  (kJ mol-1) is the mean free 
energy of adsorption;  is the universal gas constant (8.314 J K 1 mol 1); and  (K) is the 
absolute temperature. 

Figure 3.8  The non-linear fitting plots of adsorption using the (a) Langmuir, (b) Freundlich, (c) 
Temkin, and (d) D-R isotherm equations at different treatment temperatures. (Dosage: 0.01 g; 
Volume: 100 mL; pH = 7; t = 24 h).

As shown in Figure 3.8, the amount of phosphate adsorbed increased by increasing the 
initial concentration of the phosphate solution and the surrounding temperature. This was 
due to the increased collision probability and frequency between phosphate ions and 
composite active sites. The non-linear fitting plots of adsorption using the Langmuir, 
Freundlich, Temkin, and D-R equations are shown in Figure 3.8a 3.8d, and the relative 
parameters of the models are summarized in Table 3.2. The  values of the Freundlich 
model (0.9688 0.9984) were greater than those of the other isotherm models for all 
observed temperatures. This indicates that the Freundlich model was the best model to 
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describe the adsorption of phosphate onto the am-Zr/MgFe-LDH. This suggests that 
adsorption might have taken place on the surface containing heterogeneous binding sites 
with different energies, and that adsorption was generated in multilayers on the surface 
[3,55]. This type of adsorption involves both physical and chemical adsorption [56]. The 
values of  were lower than 0.4, which signified that the adsorption of phosphate onto 
the composite was essentially favorable.

Table 3.2  Isotherm relative parameters for phosphate adsorption by am-Zr/MgFe-LDH. 
Isotherm Isotherm constant Temperature 

290 K 307 K 324 K 
Langmuir  (L mg-1) 0.062 0.243 0.189 

 (mg g-1) 66.08 58.59 64.49 
0.9113 0.8960 0.9568 

Freundlich  (L g-1) 11.07 20.56 18.59 
0.39 0.27 0.32 
0.9688 0.9984 0.9865 

Temkin  (L g-1) 22.90 28.16 11.00 
 (J mol-1) 409.43 347.22 297.33 

0.8285 0.9387 0.9407 
D-R  (kJ mol-1) 4.53 14.30 11.21 

 (mg g-1) 44.56 47.94 51.14 
0.8449 0.7704 0.8500 

3.3.7 Adsorption thermodynamics

The thermodynamic parameters of phosphate adsorption can be calculated from the 
adsorption isotherm at different temperatures by using Equation (3.9) (3.11): 

where  is the distribution coefficient,  (kJ mol-1) is the change of Gibbs energy, and 
 (kJ mol-1 K-1) and  (kJ mol-1) are the change of entropy and enthalpy, respectively. 

The values of  and  were determined by the plot of  and , where the 
intercept and the slope of the plot correspond to  and , respectively. 



50 

According to Equation (3.9) (3.11), the thermodynamic parameters were determined 
from the slope of  and T-1 (Figure 3.9). The detailed thermodynamic parameter values 
are listed in Table 3.3. The calculated  values were negative, which indicates that the 
adsorption at all observed temperatures occurred spontaneously. This value decreased with 
increased temperature, thus indicating that adsorption was more feasible at higher 
temperatures. The positive value of  reveals that the adsorption process was 
endothermic. Furthermore, the positive value of  suggests increasing randomness at 
the solid-solution interface during the adsorption process. 

Figure 3.9  The plot of the relationship between ln Kd and T-1 for the calculation of thermodynamic 
parameters of phosphate adsorption.

Table 3.3  Thermodynamic parameters for phosphate adsorption by am-Zr/MgFe-LDH. 
Temperature (K)  (kJ mol-1)  (kJ mol-1)  (kJ mol-1) 
290 3679.46 -19.81 

24.54 0.1532 307 7282.72 -22.71 
324 10648.85 -24.99 

3.3.8 Phosphate desorption and adsorbent reusability

The recycling performance of the composite was highly affected by phosphate 
desorption from the composite. Figure 3.10a shows the results of the phosphate desorption 
in NaOH solutions of different concentrations and shaking times, whereby the desorption 
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percentage increased remarkably from 0.1 N to 1 N of NaOH. The optimum desorption of 
87.37% was achieved at 2 N of NaOH solution for 40 minutes desorption time. This optimum 
desorption time was applied for the adsorbent reusability experiments. Despite the fact 
that 2 N of NaOH yielded higher desorption than did 1 N, the use of 2 N NaOH is expected 
to be higher in cost than 1 N NaOH. In order to find an economical method for the adsorbent 
regeneration, the use of 1 N NaOH and reused 2 N NaOH (using the same NaOH solution for 
each desorption cycle) were compared in the reusability experiments. 

Figure 3.10  (a) Phosphate desorption by different concentrations of NaOH solution, and (b) the 
reusability of composite for phosphate adsorption with desorption solution of 1 N NaOH and reused 
2 N NaOH (the numbers above the bar are adsorption retain ratio of phosphate adsorption by the 
composite).

Figure 3.10b displays the reusability of the composite during seven cycles by 1 N NaOH 
and eight cycles by reused 2 N NaOH. After the first cycle, the composite retained 95% of 
the adsorption ability of the fresh composite for both desorption solutions. Subsequently, 
its adsorption ability gradually declined continuously to 78% after the seventh regeneration 
cycle by 1 N NaOH and 86% after the eighth regeneration cycle by reused 2 N NaOH. The 
decreasing adsorption ability of the composite reflects the decreasing availability of binding 
sites on the composite surface after each previous adsorption. The results of the reusability 
study demonstrated that the composite desorbed by reused 2 N NaOH in the desorption 
process could hold a higher adsorption efficiency than that desorbed by 1 N NaOH. A high 
removal efficiency retainment of composite over eight regeneration cycles by 2 N NaOH 
emphasizes the practicality and stability of the composite in adsorbent reusability and 
phosphorus recovery. In addition, by comparing with the chemical cost for the synthesis of 
0.1 g composite (~31.5 JPY), a reusability cycle by 1 N NaOH (~28.8 JPY) only reduced ~9% 

(a) 
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of the new composite synthesis with a 5% performance decrease. Therefore, a further 
increase in the number of cycles is not adequate to reduce the cost of synthesizing the new 
composite. However, the use of reused 2 N NaOH during eight cycles (~57.6 JPY) costs 4.4 
times lower than the eight-time synthesis of the new composite. Therefore, the use of 
reused 2 N NaOH solution is an economical alternative for the reuse of am-Zr/MgFe-LDH. 

The major problem of the regeneration process by 2 N NaOH in the actual wastewater 
treatment plant is the disposal of the high alkaline solution regenerated which contains a 
high concentration of phosphate. To comply with pH discharge limits, which range between 
6 and 9, wastewater treatment plants are required to implement a wastewater 
pretreatment [57]. One of the effective methods to tackle this issue is the precipitation of 
phosphate to hydroxyapatite (HAP). The HAP has been shown to be effective as phosphate 
fertilizer for agriculture [58]. Du et al. (2013) precipitated HAP by adding CaCl2 to a 
phosphate solution at pH 10 11 [59]. Before the precipitation process, the desorption 
solution pH (~14) needs to be reduced by dosing acid until the typical pH required for 
phosphate precipitation. The HAP precipitation by CaCl2 is followed by the decrease of pH 
solution to the range of discharge standard (6 < pH < 9) [60]. In this way, the pH of the 
desorption solution can be reduced, and the phosphate can be recovered to valuable 
compounds simultaneously. 

3.4 Summary

The composite of am-Zr/MgFe-LDH was successfully prepared and used for phosphate 
removal from aqueous solutions. The XRD analysis showed that the modification of Zr on 
the LDH layers was eliminated by a two-staged synthesis, which confirmed that the 
synthesized adsorbent was purely composite. The uncalcined composite with a Zr/Fe ratio 
of 1.5 at pH 7 had a phosphate adsorption capacity of 35.40 mg-P g-1, which was higher than 
the uncalcined LDH (17.99 mg-P g-1) and am-Zr (32.00 mg-P g-1). It was also much higher 
than the calcined samples, which demonstrated that the requirement of calcination in the 
LDH for phosphate adsorption could be eliminated as a means of reducing energy 
consumption. The adsorption ability of the composite was considerably stable over a wide 
pH range and significantly increased at 
However, this composite may not be applicable to wastewater that contains a high HCO3

concentration. On the other hand, this study elucidates the effect of zirconium (hydr)oxide 
on the adsorption ability of composites at low pH, as well as the adsorption kinetics and 
thermodynamics of the adsorbent which was previously unexplained. The regeneration 
study showed that the synthesized composite is a potential adsorbent for phosphate 
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removal and recovery from water. Ongoing research aims to explain the adsorption 
mechanism of phosphate on the composite surface and will also test the composite using 
real wastewater to validate our experimental findings. 
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CHAPTER 4

APPLICATION OF AMORPHOUS ZIRCONIUM (HYDR)OXIDE/MgFe LAYERED DOUBLE
HYDROXIDES COMPOSITE IN FIXED-BED COLUMN FOR PHOSPHATE REMOVAL FROM

WATER

4.1. Introduction

Phosphates are vital for the sustainability of organisms and several industrial activities. 
However, their widespread use, along with the increase in population, has induced 
superfluous levels of phosphates in the aquatic environment, leading to water 
eutrophication [1]. Thus, it is essential to minimize or eliminate phosphorus contaminations 
from wastewater prior to its discharge into the receiving water body to maintain water 
quality and improve human health. Additionally, the global increase in food demand and 
the limited carrying capacity of the land has increased the dependence on phosphorus, 
which is used to increase agricultural productivity to fulfil human and livestock needs [2]. 
As phosphorus is a non-renewable natural resource and cannot be substituted by other 
resources [3], the recovery of phosphates from wastewater is important for the 
sustainability of global phosphorus reserves.  

In the last decade, numerous phosphate removal techniques have been designed, 
ranging from adsorption and chemical precipitation to the application of polyphosphate-
accumulating organisms (PAOs) [4]. Among these techniques, adsorption is constantly 
gaining popularity owing to its simplicity and the possibility of phosphorus recovery from 
wastewater [5]. However, the cost-effectiveness depends on the reusability of the 
adsorbent [6]. Consequently, adsorbents with high chemical stability are being preferred 
for phosphorus adsorption because of their stability during the desorption process under 
various stripping agent chemistry conditions, which usually use a solution with extreme 
acidity or alkalinity.  

In previous study, a composite of amorphous zirconium (hydr)oxide/MgFe layered 
double hydroxides (am-Zr/MgFe-LDH) was synthesized using a novel two-stage synthesis. A 
series of batch experiments showed that the uncalcined am-Zr/MgFe-LDH with a Zr:Fe ratio 
of 1:5 showed a high adsorption performance towards phosphates and retained good 
removal efficiency over eight adsorption-desorption cycles. The high adsorption capacity is 
related to the high surface area and a large number of hydroxyl groups on the composite as 
a consequence of small crystal size and agglomeration of amorphous zirconium (hydr)oxide 
(am-Zr) in the composite. However, batch settings are not suitable for large-scale 
applications and continuously generated wastewater [7]. Therefore, it is important to 
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understand the application of the composite in continuous fixed-bed column adsorption to 
investigate its performance in practical applications. Fixed-bed column adsorption is very 
popular in wastewater treatment because of its continuous, high yield, simple, and 
economical operation and the ability to be scaled up from the laboratory scale [8,9]. Sun et 
al. (2014) found that MgFe-LDH in a fixed-bed column had a high phosphate adsorption 
capacity and acceptable desorption efficiency [10]. However, no studies have been 
conducted on the phosphate removal performance of the am-Zr/MgFe-LDH in a fixed-bed 
column.  

Following the previous study, the phosphate adsorption performance and reusability of 
a fixed-bed column filled with the am-Zr/MgFe-LDH were investigated. The effects of design 
parameters essential for practical applications, such as flow rate, bed height, influent 
phosphate concentration, pH, and adsorbent particle size, on the composite performance, 
were examined. Furthermore, the three most widely used models, Thomas, Yoon-Nelson, 
and modified dose-response (MDR) models, were applied to interpret the phosphate 
adsorption breakthrough data. The applicability of the composite for real anaerobic sludge 
and phosphate-enriched seawater and its reusability were also evaluated.  

4.2 Materials and methods

4.2.1 Adsorbent and adsorbate preparation

Analytical grade FeCl3·6H2O (99.0% pure), MgCl2·6H2O (98.0% pure), ZrOCl2·8H2O 
(99.0% pure), Na2CO3 (99.8% pure), NaOH (97.0% pure) were purchased from FUJIFILM 
Wako Pure Chemical Corporation, Japan. for preparing the am-Zr/MgFe-LDH and used 
directly in this study without further purification. A composite with a Zr:Fe molar ratio of 
1.5:1 was synthesized using an established method [11]. Briefly, a solution containing Mg2+ 

and Fe3+ ions with a molar ratio of 3:1 was poured into 200 mL of deionized (DI) water. The 
solution pH was maintained at ~10 using a solution of 1 M NaOH and 1 M Na2CO3 with a 3:1 
volume ratio under vigorous stirring for 30 min. The separated and neutralized gel obtained 
was then mixed with ZrOCl2·8H2O (Zr to Fe molar ratio of 1.5:1) in 500 mL of DI water. 
Simultaneously, a 25% NaOH solution was used to precipitate the am-Zr under constant 
stirring until a pH of ~10 was obtained. After ageing at 353 K for 24 h, the composite was 
filtered, washed with DI water for neutralization, and then dried in an oven at 353 K for 24 
h. The dried composite was ground in a mortar and sieved to the desired particle size. 

K2HPO4 (99.0% pure) was obtained from FUJIFILM Wako Pure Chemical Corporation, 
Japan. A phosphate stock solution (500 mg-P/L) was prepared by dissolving an appropriate 
amount of K2HPO4 in 1 L of DI water. The stock solution was diluted to the desired working 
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solution using DI water. The pH of the working solution was adjusted using 0.1 M HCl and 
NaOH solutions and monitored using a pH meter (Horiba, LAQUA SS131 D-71). 

4.2.2 Adsorption experiments

Figure 4.1 Schematic diagram of lab-scale fixed-bed column adsorption system.

Continuous fixed-bed column adsorption experiments were conducted at room 
temperature (~298 K) using a non-jacketed liquid chromatography column (Sigma-Aldrich, 
Co.) with an inner diameter of 1.0 cm and a length of 10 cm. Figure 4.1 shows a schematic 
diagram of the fixed-bed column system used in this study. A 1 cm thick glass wool was 
placed on the top and bottom of the sample to prevent the adsorbent from being washed 
out by the liquid flow. A particular weight (0.7, 1.0, and 1.4 g) of the composite with a 
maximum particle size of 106 µm was packed into the column to attain the desired bed 
height ( ) (1.0, 1.5, and 2.0 cm). The artificial influent phosphate solution with various 
concentrations ( ) (5 mg-P/L, 12 mg-P/L, and 20 mg-P/L) at pH 7 was pumped in an up-
flow configuration through the packed composite inside the column at varying flow rates 
( ) (1.5, 2.5, and 3.5 mL/min) using a peristaltic pump (EYELA MP-1000). The effects of 
phosphate solution pH (4, 7, and 10) and composite particle size ( 0.5, and 
0.5 1.0 mm) on phosphate adsorption were examined. To obtain the breakthrough curves, 
the effluent solutions were automatically collected at specified intervals using a fraction 
collector (Advantec SF-3120) for measuring phosphate concentrations. In this study, the 
breakthrough time was assigned when the ratio of effluent to influent phosphate 
concentration ( / ) was 10%. An exhaustion time is a time when the influent solution 
passes through the adsorbent without any significant decrease in concentration [13]. A 
preliminary experiment showed that the breakthrough curves became relatively flat after 

/  reached approximately 85% and the phosphate adsorption became insignificant. 
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Therefore, the exhausted time in this study was determined to be the time when /
reached 85%. 

Breakthrough curves of phosphate adsorption were constructed by plotting the 
ratio of effluent phosphate concentration at an interval time to influent phosphate 
concentration ( / ) as a function of time ( ). The breakthrough curves demonstrate the 
mass transfer characteristics of phosphate onto the packed composite. The total amount of 
adsorbed phosphate,  (mg), during adsorption and the equilibrium adsorption 
capacity,  (mg/g), were calculated as follows (Equation 4.1 and 4.2, respectively) [14]. 

where  is the flow rate (mL/min),  and  are the influent and effluent phosphate 
concentrations (mg/L), respectively,  is the time required to reach exhaustion time (min), 
and  is the weight of the composite packed inside the column (g). 

4.2.3 Regeneration and reusability experiments

Before the regeneration experiment, the exhausted bed in the column was washed 
with DI water at a flow rate of 2.5 mL/min for 1 h to remove residual phosphorus. 
Subsequently, 0.1 M NaOH was pumped in the opposite direction to desorb the adsorbed 
phosphate. In this study, regeneration was done until the effluent concentration reached 
approximately 0.5 mg-P/L, and it was assumed that the column had been regenerated. In 
the first cycle of desorption, the desorption effluent solutions were collected at the pre-
determined intervals to obtain the desorption curve. The amount of phosphorus eluted 
from the composite (EAP) (mg/g) was calculated using the following equations (Equation 
4.3 and 4.4) [15]: 

where  is the weight of adsorbent in the column (g),  is the total amount of 
desorbed phosphate (mg),  is the effluent volume of the -th fraction (L), and  is the 
number of the last fraction in the desorption operation. Desorption and regeneration 
experiments were conducted for eight cycles of the adsorption-desorption process. 
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4.3 Results and discussion

4.3.1 Fixed-bed column adsorption

The effect of phosphate solution flow rate on the phosphate adsorption on the 
composite in the column was investigated at three different flow rates (1.5, 2.5, and 3.5 
mL/min), where the bed height (1.5 cm) and the influent phosphate concentration (12 mg-
P/L) were kept constant. Figure 4.2a shows the effect of the flow rate on the breakthrough 
curve of phosphate adsorption on the composite. The increase in flow rate from 1.5 to 3.5 
mL/min resulted in a reduction in the breakthrough time from 14.9 to 5.5 h and in the 
exhaustion time from 24.0 to 8.9 h. The increase in the flow rate led to an increase in the 
volume speed, leading to a reduction in the time required to reach breakthrough and 
exhaustion states. The amount of adsorbed phosphate calculated using Equation 4.2, 
decreased from 20.40 to 18.23 mg-P/g as the flow rate increased from 1.5 to 3.5 mL/min 
(Table 4.1). At a high flow rate, the phosphate anions have a short residence time in the 
bed, where composite particles in the fixed-bed column have a short contact time with the 
phosphate anions as the solution flows through the bed [14]. Consequently, the possibility 
of phosphate anions passing through the column before being completely adsorbed 
increased because of the insufficient contact time for adsorption equilibrium. In addition, 
the steepness of the breakthrough curves increased with the increase in flow rate. The 
different slope of the breakthrough curves was due to the retention process. A high flow 
rate led to an increase in mass transfer rate, increasing the amount of phosphate captured 
onto the adsorbent surface at the beginning of the operation. This caused an early 
saturation with a steeper slope given in the breakthrough curves.  

Breakthrough curves resulting from fixed-bed column experiments at different bed 
heights (1.0, 1.5, and 2.0 cm) with a constant flow rate (2.5 mL/min) and influent phosphate 
concentration (12 mg-P/L) are depicted in Figure 4.2b. The figure demonstrates that the 
breakthrough and exhaustion times were extended when the bed height increased. Table 
4.1 shows that the adsorbed phosphate increased from 18.75 to 19.56 mg-P/g as the bed 
height increased from 1.0 to 2.0 cm. This was predictable as there were more active binding 
sites at a higher bed height, and these increased the adsorption areas [16]. Furthermore, a 
higher bed height provides a longer packed composite through which the phosphate anions 
pass, which allows a longer residence time of phosphate, enabling it to be deeply adsorbed 
within the composite. The bed height of 2.0 cm had a flatter breakthrough curve than the 
lower bed height, which might be due to a broad mass transfer zone provided by a high bed 
height. 
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Figure 4.2  The Effect of (a) flow rate (h = 1.5 cm, Co = 12 mg-
height (Q = 2.5 mL/min, Co = 12 mg-

= 2.5 mL/min, Co = 12 mg-
2.5 mL/min, Co = 12 mg-P/L, and pH = 7), on the fixed-bed column studies. 
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Figure 4.2c shows the adsorption curves of various influent phosphate concentrations 
(5, 12, and 20 mg-P/L) at a constant bed height (1.5 cm) and flow rate (2.5 mL/min). An 
increase in influent phosphate concentration from 5 to 20 mg-P/L decreased the 
breakthrough time from 18.7 to 4.4 h and exhaustion time from 28.7 to 7.8 h. The 
concentration gradient between the solution and adsorbent surface increased at high 
phosphate concentrations, which increased the driving force for phosphate adsorption [17]. 
Under these conditions, the limited active binding sites in the column were inhibited rapidly, 
and saturated conditions were achieved in a short period. This led to a steeper 
breakthrough curve at higher influent phosphate concentrations. This steeper curve at the 
high load of phosphate anions signifies that the am-Zr/MgFe-LDH is likely favorable for 
phosphate adsorption. The amount of phosphate adsorbed increased from 17.08 to 19.13 
mg-P/g when the influent phosphate concentration was raised from 5 to 20 mg-P/L. A 
higher influent concentration of phosphate can deliver more phosphate anions into the 
outer and inner surface of the composite to attach with the adsorption sites, which is 
possibly the reason for an increase in equilibrium adsorption capacity with influent 
concentration increasing. In addition, a high concentration gradient at high influent 
phosphate concentration can overcome the mass transfer resistance in the adsorbent 
surface, leading to an increase in the amount of adsorbed phosphate. 

Table 4.1  Fixed-bed column parameters for phosphate adsorption on am-Zr/MgFe-LDH. 

No. 

(mL/min) (cm) (mg-P/L) (g) 

pH 

(mm) (h) (h) (h) (mg-P/g) 

1 1.5 1.5 12 1.01 7 14.9 17.33 24.0 20.40
2 2.5 1.5 12 1.01 7 9.1 10.65 13.5 19.04
3 3.5 1.5 12 1.01 7 5.5 7.19 8.9 18.23
4 2.5 1.0 12 0.68 7 4.8 7.24 10.7 18.75

2.5 1.5 12 1.01 7 9.1 10.65 13.5 19.04
5 2.5 2.0 12 1.36 7 12.1 14.48 19.0 19.56
6 2.5 1.5 5 1.01 7 18.7 22.28 28.7 17.08

2.5 1.5 12 1.01 7 9.1 10.65 13.5 19.04
7 2.5 1.5 20 1.01 7 4.4 6.04 7.8 19.13
8 2.5 1.5 12 1.01 4 10.0 12.82 25.0 25.15

2.5 1.5 12 1.01 7 9.1 10.65 13.5 19.04
9 2.5 1.5 12 1.01 10 6.9 8.63 11.5 15.73

2.5 1.5 12 1.01 7 9.1 10.65 13.5 19.04
10 2.5 1.8 12 1.01 7 0.1 0.5 4.2 7.51 16.0 15.80
11 2.5 2.0 12 1.01 7 0.5 1 0.5 4.49 19.0 12.45

Another important parameter that affects the dynamic phosphate adsorption process 
in a fixed-bed column is the pH solution. Figure 4.2d shows the effect of phosphate solution 
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pH (4, 7, and 10) on phosphate adsorption breakthrough curves while maintaining a 
constant bed height (1.5 cm), flow rate (2.5 mL/min), and influent phosphate concentration 
(12 mg-P/L). It can be seen clearly that the breakthrough time was reached in a longer time 
at a lower pH. The breakthrough time increased from 6.9 to 10.0 h with decreasing pH from 
10 to 4. As shown in Table 4.1, a higher amount of adsorbed phosphate (25.15 mg-P/g) was 
obtained at a lower pH (acidic solution). The adsorbed phosphate decreased significantly 
when the influent pH increased from 4 to 10, signifying that pH played a key role that 
affected the physical-chemical interaction between the phosphate and composite surface. 
The adsorbent surface was positively charged at low pH, attracting the negatively charged 
phosphate anions. Conversely, the number of hydroxyl ions (OH-) increased at higher pH, 
which competed with phosphate anions to occupy more active binding sites on the 
adsorbent surface and led to the reduction of phosphate adsorption onto the composite 
surface [18]. The lower pH showed a broader tailing edge in the breakthrough curve shape, 
reflecting that the phosphate adsorption onto the composite bed in lower pH was extended 
with slow adsorption.  

The effect of composite particle size on the breakthrough curve of phosphate 
adsorption was investigated by isolating the composite into three groups of particle sizes 
using sieves with apertures of differ 0.5 mm, and 0.5 1.0 mm). The 
bed height (1.5 cm), flow rate (2.5 mL/min), and influent phosphate concentration (12 mg-
P/L) were kept constant. Figure 4.2e shows the breakthrough curves of phosphate 
adsorption resulting from different composite particle sizes. The bed performance of the 

for the initial part of the curve. The reduction in particle size led to a longer breakthrough 
time but a shorter exhaustion time. As the particle size of the composite increased, the 
surface area per unit volume decreased. Consequently, the number of active binding sites 
on the surface that directly interact with the phosphate ions in the solution, smaller than 
the composite with smaller particle size, resulted in an earlier breakthrough time 
corresponding to the completion of surface adsorption. However, after the breakthrough 
point was achieved in the large particle composite, the pore adsorption continued at a 
lower rate, which resulted in a delayed exhaustion time. Additionally, for smaller particle 
sizes with a higher surface area [19], phosphate adsorption mostly occurred on the surface 
of the composite with a large number of exposed active binding sites. A decrease in particle 
size appears to have increased the sharpness of the breakthrough curves and delayed the 
breakthrough time.  

Table 4.2 summarizes the equilibrium phosphate adsorption capacity of am-Zr/MgFe-
LDH in this study and calcined MgFe-LDH as well as other Zr-based adsorbents in fixed-bed 
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column adsorption. It was demonstrated that am-Zr/MgFe-LDH was found to have higher 
equilibrium adsorption capacity than calcined MgFe-LDH and positively comparable to most 
of the Zr-based adsorbents reported in the literature. This result confirmed that the 
combination of am-Zr and MgFe-LDH resulted in favorable modification in the adsorbent 
surface for effective phosphate adsorption. The high equilibrium phosphate adsorption 
capacity of am-Zr/MgFe-LDH can be associated with the development of a high amount of 
hydroxyl groups in the adsorbent surface by am-Zr, where the hydroxyl groups act as the 
effective binding sites for phosphate anions. 

Table 4.2  Comparison of the equilibrium phosphate adsorption capacity of am-Zr/MgFe-LDH with 
various adsorbents in a fixed-bed column. 

Adsorbent 
Experimental condition 

(mg-P/g) 
Reference 

(mL/min) (cm) (mg-P/L) 
pH 

(mm) 

Zr-FPS 1.77 1.6 0.411 2.01 - 1.73 [20] 

Zirconium ferrite 0.083 - 20 7 0.7 2.6 [21] 

A-Zr-NP 6 4.8 20 5.4 - 5.59 [22] 

Zr-loaded SOW gel 0.083 - 20 7 0.075 0.15 10 [21] 

Zr-loaded okara 12 9 5.5 7.6 0.3 0.15 14.97 [15] 

Zr-loaded okara 12 23 5.6 3 1 0.6 16.43 [15] 

Calcined MgFe-LDH 0.4 12 20 - 0.075 0.028 21.09 [10] 

CS-Zr-PEPA 6 12 2.4 6.5 - 32.50 [23] 

Am-Zr/MgFe-LDH 2.5 1.5 12 4 25.15 Present study 

Am-Zr/MgFe-LDH 2.5 1.5 12 7 19.04 Present study 

4.3.2 Breakthrough curve modelling

Generally, the modelling of breakthrough curves resulting from fixed-bed column 
adsorption is essential for designing a column adsorption system for practical applications. 
To describe the behavior of dynamic phosphate adsorption onto the am-Zr/MgFe-LDH in a 
fixed-bed column system, three nonlinear mathematical models, Yoon-Nelson (Equation 
4.5) [24], Thomas (Equation 4.6) [25], and MDR models (Equation 4.7) [26] were used. 
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where,  and  are the Thomas kinetic coefficient (L/mg min) and the Yoon-Nelson 
kinetic coefficient (1/min), respectively,  and  are the predicted adsorption 
capacities (mg/g),  is the time required for 50% phosphate adsorption breakthrough (min), 
and  is an MDR model parameter. 

The main parameters of each mathematical model obtained by nonlinear fitting of the 
breakthrough data under different experimental conditions are presented in Table 4.3. A 
simple Yoon-Nelson model was applied to examine the phosphate adsorption behavior of 
the packed composite. This model assumes that the decrease in the adsorption probability 
of each molecule is proportional to the adsorption probability of the molecule and the 
probability of molecule breakthrough on the adsorbent [27]. Although this model is based 
on the adsorption probability, the  (0.864 0.984) values showed a good fit with the 
experimental data. Additionally, the predicted values of  were similar to those obtained 
from experiments (Table 4.1), except for  values of 0.1 0.5 and 0.5 1.0 mm, where the 
breakthrough curves deviated from the ideal adsorption system with an S-shaped profile 
characteristic. The  values decreased with increasing flow rate, influent phosphate 
concentration, pH, and adsorbent particle size, and by reducing the bed height. Conversely, 
the  values indicated opposite trends in  values. For instance, increasing the flow rate 
or decreasing the bed height resulted in an increase in phosphate ions passing the packed 
adsorbent for a given period of time. Consequently,  increased and  decreased. 

Table 4.3  Yoon-Nelson, Thomas, and MDR model parameters for phosphate adsorption by am-
Zr/MgFe-LDH in a fixed-bed column at various experimental conditions. 

Experimental 
conditions No. 

Yoon-Nelson Thomas MDR 

(×10-2) (×10-3) 
1 0.96 17.33 0.958 0.76 19.91 0.958 19.94 8.157 0.966 
2 1.59 10.65 0.962 1.29 19.02 0.962 19.01 8.583 0.969 
3 1.92 7.19 0.984 1.55 18.44 0.984 18.31 7.796 0.990 
4 1.82 7.11 0.961 1.01 19.10 0.972 18.79 4.845 0.985 
5 0.95 14.48 0.960 0.76 19.49 0.960 19.45 6.987 0.970 
6 0.70 22.28 0.974 1.33 17.16 0.974 17.10 8.693 0.981 
7 2.19 6.21 0.968 0.81 19.05 0.964 19.05 6.980 0.975 
8 0.81 12.83 0.916 0.48 24.67 0.926 24.66 4.418 0.953 
9 1.89 8.40 0.974 1.16 15.84 0.978 15.73 6.840 0.986 

10 0.52 8.66 0.943 0.42 15.61 0.943 15.33 2.516 0.985 
11 0.25 5.78 0.864 0.21 10.21 0.864 10.80 1.370 0.931 

The Thomas and MDR models were also applied to the experimental phosphate 
adsorption curves to depict the entire breakthrough curve. The Thomas model is based on 
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the assumption that adsorption is only controlled by the surface reaction between the 
adsorbate and adsorbent surface, where the effects of intra-particle diffusion and external 
film resistances are neglected [28]. The MDR model was developed based on mathematical 
issues to reduce the error resulting from the Thomas model [29]. The values of predicted 

 and  were close to the experimental  values (percentage errors < 3%), except for 
 values of 0.5 1.0 mm. Additionally, their trends in response to various experimental 

conditions were similar to those of the experimental . However, the Thomas model was 
not completely fit with the experimental curves as the phosphate adsorption on the am-
Zr/MgFe-LDH involved intra-particle diffusion as the rate-limiting step. The slow intra-
particle diffusion of phosphate on the composite pores was signified by the considerably 
slow adsorption from the /  ratio of 0.85 to reach 1 [30]. As can be seen from Table 4.3, 
the MDR model showed larger  values than those of the Yoon-Nelson and Thomas 
models for all experimental conditions. This indicates that the phosphate adsorption 
behavior of the packed am-Zr/MgFe-LDH in a fixed-bed column system was better described 
by the MDR model in each experimental condition. As the MDR model based on the Thomas 
model, the results suggest that adsorption follows the Langmuir isotherm, which suggests 
that the driving forces obey second-order reversible reaction kinetics with no axial 
dispersion in the column [29]. 

4.3.3 Phosphate adsorption from real municipal anaerobic sludge filtrate and synthetic
seawater

The anaerobic sludge used in this study was collected from an eastern municipal 
wastewater treatment plant in Ube, Japan. Before use in the column adsorption test, the 
sludge was allowed to stand for 24 h for deposition, and the supernatant was filtered using 
a 0.45 µm filter membrane. The effect of seawater ions on phosphate adsorption in 
seawater was also investigated using synthetic phosphate-containing seawater (P seawater). 
As 99% of the seawater electrolyte concentration consists of NaCl, Na2SO4, KCl, MgCl2, and 
CaCl2, synthetic seawater was prepared using these salts, corresponding to a salinity of 15 
PSU [31]. The 15 PSU salinity was chosen to represent the salinity of the mesohaline estuary 
(salinity ranges from 5 to 18 PSU), an area that has great potential to be eutrophic and needs 
attention [32]. For comparison, phosphate adsorption was also conducted in synthetic 
phosphate-containing water (P water). The details of the sludge, synthetic P seawater, and 
P water are listed in Table 4.4. In this experiment, an adsorbent particle size range of 0.1
0.5 mm was used to prevent column clogging by extremely small particles present in the 
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sludge filtrate. Each water sample was pumped through the 1.0 g of adsorbent column at 
flow rate of 2.5 mL/min. 

Table 4.4 The details of anaerobic sludge filtrate, synthetic P water, and synthetic P seawater 
used in fixed-bed column phosphate adsorption.

Anaerobic sludge filtrate Synthetic P seawater Synthetic P water 
Parameter Value Parameter Value Parameter Value 
pH 8.5 pH 8.1 pH 8.5 
Phosphate 
(PO4-P) 

14.2 mg/L 
Phosphate 

(PO4-P) 
14.6 mg/L 

Phosphate 
(PO4-P) 

14.2 mg/L 

TSS  169 mg/L NaCl 10519 mg/L   
COD  400 mg/L MgCl2 2095 mg/L   
Chloride 
(Cl ) 

575 mg/L Na2SO4 1705 mg/L   

Nitrate 
(NO3 -N) 

14.6 mg/L CaCl2 488.31 mg/L   

Alkalinity 
(CaCO3) 

110 mg/L KCl 298.21 mg/L   

Figure 4.3 shows a comparison of the breakthrough curves for phosphate adsorption 
onto the composite-packed column using real anaerobic sludge filtrate, synthetic P water, 
and seawater. The earlier breakthrough of phosphate adsorption in anaerobic sludge might 
be due to the high concentration of carbonate (CO32-), which is signified by high alkalinity 
(Table 4.4). In the previous study, it was found that CO32- (or bicarbonate) was highly 
competitive with phosphate for the active binding sites on the adsorption surface [11]. 
Furthermore, the presence of extremely fine suspended solids that passed through the filter 
during filtration in the filtrate could interfere with the transfer of phosphate from the bulk 
liquid to the am-Zr/MgFe-LDH surface [10]. The equilibrium adsorption capacity in the 
sludge filtrate (8.99 mg-P/L) was lower than that in synthetic P water (13.12 mg-P/L). 
However, phosphate adsorption was not negatively affected by the seawater ions but was 
enhanced after the breakthrough point passed. The equilibrium adsorption capacity in 
synthetic P seawater was 19.99 mg-P/L. The positively charged seawater ions (such as Na+, 
Mg2+, Ca2+, and K+) in the solution were easily attracted by an adsorbent surface that 
became more negatively charged after initial phosphate adsorption. This increased positive 
charge on the adsorbent surface and promoted subsequent phosphate adsorption. 
According to the results, the equilibrium adsorption capacity of composite reduced due to 
the highly carbonated wastewater in the continuous adsorption system. However, it 
exhibited more favorable phosphate adsorption in synthetic seawater. 
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Figure 4.3  Breakthrough curves for phosphate adsorption from anaerobic sludge filtrate, synthetic 
P water, and synthetic P seawater (m = 1.01 g, Q = 2.5 mL/min, d = 0.1-0.5 mm). 

4.3.4 Column regeneration and reusability

The effectiveness of the adsorbent for practical applications depends on the 
equilibrium adsorption capacity and efficiency of adsorbent regeneration and reusability. 
However, the reuse of an adsorbent requires a desorption agent to desorb phosphate from 
the adsorbent for regeneration. To ensure that the adsorbent was saturated with 
phosphate before the regeneration study, a phosphate solution (Co = 12 mg-P/L, pH = 7) was 
pumped (Q = 2.5 mL/min) to the column (h = 1.5 cm, d
composite was regenerated with 0.1 N NaOH at a flow rate of 2.5 mL/min. The effluent 
phosphate concentrations in a continuous desorption curve of phosphate at particular time 
points were determined and are shown in Figure 4.4. 

Figure 4.4  Continuous phosphate desorption curve on am-Zr/MgFe-LDH column by 0.1 N NaOH (h 
= 1.5 cm and Q = 2.5 mL/min). 
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The desorption curve was an asymmetrically shaped curve with significantly high 
desorption at the beginning, followed by a flattened decline. The regeneration study was 
conducted for 8 h when the effluent concentration was 0.51 mg-P/L. Figure 4.4 shows that 
the maximum phosphate concentration was obtained within 5 10 min, indicating that the 
majority of the phosphate amount desorbed during this period. The flattened curve was 
observed after one-hour desorption, indicating that almost complete desorption was 
achieved after 1 h with a desorption efficiency ( ) of 91.7% and 
an effluent concentration of 13.82 mg-P/L. However, a total regeneration of 98.8% was 
achieved after an eight-hour operation. 

The regenerated column was reused for subsequent adsorption to assess the 
reusability of the column, and its breakthrough curves and regeneration equilibrium 
adsorption capacity after eight adsorption-desorption cycles are shown in Figure 4.5. A 
significant decrease in the equilibrium adsorption capacity (~8.0%) was observed in the 
second cycle, as depicted by the earlier breakthrough point after the first cycle (Figure 4.5a). 
These breakthrough points appeared to shift slowly to an earlier time, signifying a slow 
decrease in the equilibrium adsorption capacity after the second cycle (Figure 4.5b). The 
gradual decrease in adsorption performance is attributed to the loss of active binding sites 
from the previous adsorption process, particularly in the first cycle, by strongly attached 
phosphate, which is difficult to desorb. The decrease in the equilibrium adsorption capacity 
from the first to the eighth cycle was approximately 17%, indicating that the composite may 
be suitable for practical applications. 

Figure 4.5  Column reusability study: (a) phosphate adsorption breakthrough curve on am-
Zr/MgFe-LDH for each consecutive eight adsorption-desorption cycles at a flow rate 2.5 mL/min, 
and (b) equilibrium adsorption capacity of column calculated for each adsorption cycle (the numbers 
above the bar are adsorption retain ratio of equilibrium phosphate adsorption capacity). 
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4.4 Summary

This study involves the application of a synthesized am-Zr/MgFe-LDH as a phosphate 
sorbent in a continuous fixed-bed column system, as well as the investigation of the 
feasibility of its reusability using NaOH solution in the regeneration process. The results of 
the column experiments showed that the equilibrium phosphate adsorption capacity of the 
composite was affected by the flow rate, bed height, influent phosphate concentration, 
influent pH, and composite particle size. The increase in the flow rate, pH, and adsorbent 
particle size, decreased the amount of adsorbed phosphate onto the composite. Contrarily, 
the adsorbed phosphate onto the composite increased with increasing bed height and 
influent phosphate concentration in the fixed-bed column system. The highest equilibrium 
adsorption capacity of 25.15 mg-P/L was obtained when the influent pH was 4, indicating 
that the adsorption of phosphate onto the composite surface is favorable in acidic. From 
the nonlinear fitting of the breakthrough data, the MDR model was found to be the best 
model for predicting the experimental phosphate adsorption behavior of a packed 
composite in a fixed-bed column system, as compared to the Yoon-Nelson and Thomas 
models. The amount of adsorbed phosphate on the composite decreased when it was used 
in wastewater with a high (bi)carbonate concentration. However, it exhibited more 
effective phosphate adsorption in synthetic seawater. The column regeneration studies 
revealed that 91.7 % of adsorbed phosphorus was desorbed during the one-hour desorption, 
and 83% of the fresh composite adsorption ability could be retained even after eight 
adsorption-desorption cycles. The am-Zr/MgFe-DH has the potential to be utilized as an 
adsorbent for phosphorus removal from aqueous solutions as it has high equilibrium 
phosphate adsorption capacity and reusability. Although this study provides helpful 
information for the design of a practical system for phosphorus removal and recovery, some 
considerations should be taken to improve the performance of the composite adsorption 
system in future work. First, the application of economical pretreatment to reduce 
(bi)carbonate from wastewater before process, such as chemical precipitation, since 
(bi)carbonate is the most competitive anion for phosphate adsorption onto the composite. 
Second, the use of adsorption byproduct to create an economic adsorption system, such as 
the processing of desorbed phosphorus in the regeneration process to a valuable product 
like hydroxyapatite, or the application of saturated composite as the slow-release 
phosphate fertilizer. 
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CHAPTER 5

MECHANISM STUDY OF PHOSPHATE ADSORPTION AND DESORPTION ON AMORPHOUS
ZIRCONIUM (HYDR)OXIDE/MgFe LAYERED DOUBLE HYDROXIDES COMPOSITE

5.1. Introduction

Adsorption has found various applications in many industries, especially in 
environmental technologies. One of the adsorption process applications in environmental 
protection is the separation of unwanted organic and inorganic pollutants from wastewater, 
including phosphorus removal [1]. Phosphorus has been known as the primary limiting 
nutrient in water bodies, and excessive discharge frequently leads to eutrophication 
problems [2]. Phosphorus eutrophication leads to algal blooms, anoxic events, altering 
biomass and species composition [3]. Therefore, it is crucial to develop efficient adsorbents 
with high surface areas and a high amount of active binding sites to improve the adsorption 
capacity, adsorption rate, and selectivity for decontaminating water from phosphorus. 

In particular, previous works done by the authors exhibited that amorphous zirconium 
(hydr)oxide/MgFe layered double hydroxides composite (am-Zr/MgFe-LDH) has a high 
adsorption capacity towards phosphate anions in aqueous solution, both by batch and 
fixed-bed column tests [4,5]. However, to effectively utilize the composite as a phosphate 
adsorbent, the understanding of phosphate adsorption mechanisms by the composite is 
essential. Miyauchi et al. (2009) synthesized zirconium ion modified MgAl layered double 
hydroxides for phosphate adsorbent and suggested that the synthesized adsorbent were a 
nano-composite of binary MgAl layered double hydroxides and amorphous ZrO2 [6]. They 
reported that the high phosphate adsorption capacity of the composite was due to the 
nano-size amorphous ZrO2, which has a large surface area. Chitrakar et al. (2010) reported 
that the presence of zirconium hydroxide particles on the LDH sheets greatly enhanced the 
phosphorus adsorption ability. However, to the best of the an in-depth 
study about the mechanism of phosphorus adsorption by amorphous zirconium (hydr)oxide 
modified layered double hydroxides has not been done. 

The applicability of am-Zr/MgFe-LDH depends not only on the adsorption ability but also 
on its reusability, while reusability is highly determined by the desorption during the 
regeneration process. Some previous studies indicated that a more effective phosphate 
desorption rate from LDH was achieved by NaOH solution than NaCl and NaCO3 solution, as 
well as mixed solution of NaCl and NaOH [7,8]. The use of NaCl is not suitable for exchanging 
phosphate from exhausted LDH because of the low affinity of Cl  with LDH, while the use of 
NaCO3 can negatively affect the adsorption ability of phosphate since carbonate is a highly 
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competitive anion for phosphate adsorption [7]. A comprehensive understanding of the 
phosphate adsorption mechanism by am-Zr/MgFe-LDH is essential for the consideration of 
an appropriate reagent for composite regeneration.  

  In the present study, the possible adsorption mechanisms of phosphate by am-
Zr/MgFe-LDH were carefully investigated by means of X-ray diffraction (XRD), Fourier 
transform infrared (FTIR), X-ray photoelectron spectroscopy (XPS), and pH at the point of 
zero charge (pHPZC) analyses. The adsorption mechanisms were proposed for consideration 
in designing a practical system for the removal and recovery of phosphorus by am-Zr/MgFe-
LDH. Moreover, the desorption mechanism of phosphate by NaOH solution was tried to 
explain at the molecular scale to gain a complete understanding of the release of phosphate 
from the composite surface.  

5.2 Materials and methods

5.2.1 Materials

Synthesized amorphous zirconia/MgFe layered double hydroxide composite (am-
Zr/MgFe-LDH) was prepared using two-stage synthesis with the combination of 
coprecipitation hydrothermal method as described in Chapter III. Before characterization, 
the size of composite particles was isolated by using a sieve with apertures size of 
mm and kept in a desiccator. The phosphate-loaded samples were prepared by conducting 
batch adsorption. After 24 h adsorption in 10 mg-P L 1 of phosphate solution, the samples 
were separated by vacuum filtration and dried at 373 K for 24 h. 

5.2.2 X-ray diffraction (XRD) analysis

The XRD spectra of the composite for the crystallinity analysis was recorded on a Rigaku 
Ultima IV Protectus diffractometer using Cu- kV at a scanning rate of 
1°min 1 in the 2  angle range from 5° to 70°. The XRD patterns were analyzed by using 
Match! Software version 2. 

5.2.3 Fourier transform infrared (FTIR) analysis

The FTIR spectra of the composites before and after adsorption were recorded on a 
Jasco FT/IR-4600 spectrophotometer. The spectra were recorded in the region of 600 
cm 1. 
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5.2.4 X-ray photoelectron spectroscopy (XPS) analysis

The XPS spectra were obtained using a Thermo Scientific K-alpha X-ray photoelectron 
spectrometer. The experimental data were fitted with XPSPEAK41 and Origin 9.4 software 
for analysis. The high-resolution scans in this study focused on Mg, Fe, Zr, C, and O.  

5.2.5 pH at the point of zero charge (pHpzc) analysis

The pH at the point of zero charge (pHpzc) of the composite was investigated using 
potentiometric mass titration (PMT), as described by Bourikas et al. (2003) [9]. Three 
different doses of the composite (5, 15, and 25 g/L) were immersed in Erlenmeyer flasks 
containing 100 mL of 0.03 M KNO3 and shaken under an N2 atmosphere at 200 rpm for 24 
h. In each flask, 0.5 mL of 1 M KOH was added to deprotonate sites in the composite surface, 
and the shaken samples were titrated using a 0.1 M HNO3 solution. The titration curve was 
constructed by plotting the pH value as a function of HNO3 volume. 

5.3 Results and discussion

5.3.1 FTIR spectra and XRD patterns analysis

The functional groups of the composite before and after adsorption were identified 
using FTIR spectroscopy, and the spectra are shown in Figure 5.1a. The intense and 
broadband centered at 3430 cm-1 and the band at 1640 cm-1 could be attributed to strong 
OH stretching and structural OH bending vibrations due to the presence of structural 
hydroxyl groups and physically adsorbed water molecules in the samples, respectively 
[10,11]. The bands of the Zr-OH bending vibration were observed at approximately 1353 
cm-1 and 1565 cm-1, and the band of CO32- antisymmetric stretching in the interlayer was 
detected at 1358 cm-1 [12 14]. These bands were weakened after phosphate adsorption, 
indicating that phosphate anions were successfully adsorbed by replacing hydroxyl bonds 
and exchanging some carbonate anions in the LDH interlayer. In addition, phosphate 
adsorption in the composite was confirmed by the appearance of a new peak near 1057 cm-

1 after the adsorption process, which could be attributed to the P=O bond [15].  
Figure 5.1b shows a comparison between the XRD patterns of the composite, before 

and after phosphate adsorption. The patterns exhibited the presence of an LDH structure 
with a typical halo pattern of amorphous zirconium hydroxide. There was no significant 
change in the structure, and no additional characteristic peak was observed in the patterns 
after the adsorption process. However, the structure showed a lower crystallinity. The 
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decrease in crystallinity confirmed the occurrence of phosphate adsorption, which caused 
a disordered structure in the composite surface.

Figure 5.1 (a) FTIR spectra and (b) XRD patterns of am-Zr/MgFe-LDH before and after adsorption.

5.3.2 XPS spectra analysis

The phosphate adsorption mechanism was further evaluated by deconvolution of the 
XPS spectra. The Mg 1s and Fe 2p spectra of am-Zr/MgFe-LDH are depicted in Figure 5.2 a 
and Figure 5.2b, respectively. As illustrated in the figures, the Mg 1s and Fe 2p spectra peaks
shifted to higher binding energies after phosphate adsorption by about 0.2 eV for Mg 1s, 
0.4 eV for Fe 2p1, and 0.2 eV for Fe 2p3. This enhancement of binding energy values was 
caused by electron withdrawal from the negatively charged O atoms of the phosphate 
species to the valence band of Mg s1 and Fe 2p and the formation of Mg-O-P and Fe-O-P 
through surface complexation [16,17]. This indicated that the surface of LDH in the 
composite was also involved in the phosphate adsorption process.

Figure 5.2c shows the Zr 3d spectra of am-Zr/MgFe-LDH. As presented in the figure, the 
two peaks centered at 181.85 eV and 184.20 eV were assigned to Zr-O-Zr bonds of Zr 3d5/2

and Zr 3d3/2 in the composite, respectively. The main peaks of Zr 3d were shifted to a higher 
binding energy of approximately 0.2 eV after phosphate adsorption, indicating that electron 
transfer occurred in the valence band, and Zr-O-P inner-sphere complexation was formed 
by substituting the hydroxyl groups of am-Zr [18]. This shift can also be attributed to the 
overlap from two new Zr-O-P peaks in higher binding energies (182.35 eV and 184.79 eV)
formed through ligand exchange [19]. These indicated that phosphate was adsorbed 
chemically on the composite surface.

(0
03

)

(0
06

)
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Figure 5.2  XPS analysis of am-Zr/MgFe-LDH before and after phosphate adsorption: (a) Mg 1s, (b) 
Fe 2p, (c) Zr 3d, and (d) C 1s. 

Figure 5.2d shows the C 1s spectra of the am-Zr/MgFe-LDH. As shown in the figure, the 
C 1s spectra can be divided into four different peaks: C-C (284.5 eV), C-O (285.2 eV), C=O 
(288.8 eV), and metal carbonate (M-CO3) (289.6 eV) [20]. After phosphate adsorption, the 
relative area of the metal carbonate decreased from 14.7% to 5.2%. This signified that the 
carbonate in the LDH interlayer took part in the phosphate adsorption process via ion and 
ligand exchange. 

5.3.3 pHpzc analysis

As explained in Chapter III, the adsorption was high at low pH (particularly at pH 2 and 
3) and decreased at higher pH (notably at pH 10) [4]. To explain this condition, the pHpzc of 
the composite was investigated by PMT, and the plotted experimental curves are shown in 
Figure 5.3. The curves show an intersection point at a pH of approximately 9.7, which was 
identified as the pHpzc of the composite. This indicates that the negatively charged 
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composite surface triggered a significant decrease in adsorption efficiency at pH 10 as the 
solution pH was higher than pHpzc. This result suggests that the electrostatic bond also 
contributed to the phosphate adsorption mechanism between the composite surface and 
phosphate anions, particularly at pH values lower than 9.7.  

Figure 5.3  Potentiometric mass titration curves of am-Zr/MgFe-LDH samples using 0.1 M HNO3. 

5.3.4 Proposed phosphate adsorption and desorption mechanisms

Based on the analysis of adsorption in varying pH solutions, FTIR spectra, XRD patterns, 
and XPS spectra, the potential adsorption mechanisms involved in the composite during the 
adsorption process were found to mainly consist of electrostatic attraction between the 
positively charged adsorbent surface and phosphate anions (particularly at low pH), inner-
sphere complex formation between metal hydroxides and phosphate anions on the 
adsorbent surface, and exchange of carbonate anions in the LDH interlayer. The proposed 
phosphate-adsorption mechanism is illustrated in Figure 5.4. The presence of am-Zr on the 
surface of the LDH likely increased the adsorption capacity of the composite. The zirconium 
species, which is in amorphous form, have a massive number of hydroxyl groups as the 
active binding sites for the phosphate anions. As shown in Figure 3.2a, the introduction of 
am-Zr to the LDH lowered the crystallinity of LDH, indicating a high number of hydroxyl 
groups in the adsorbent surface as active binding sites for phosphate. Moreover, the 
crystallization of am-Zr on the LDH matrix was presumably suppressed during synthesis, 
leading to the formation of nanosized am-Zr [4], as confirmed by the SEM images in Figure 
3.4c. The nanosized materials are preferable for adsorbents because they have a large 
surface area for adsorption sites. Therefore, we suggest that the high phosphate adsorption 
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of the composite is mainly associated with the presence of highly hydrated am-Zr 
collaborated with the ability of MgFe-LDH for adsorbing phosphate by anion exchange and 
surface adsorption. 

Figure 5.4  Proposed mechanism of phosphate adsorption on am-Zr/MgFe-LDH. 

In XRD patterns of LDH, the intercalation of phosphate anions into the LDH interlayer 
is characterized by the shift (003) reflection to a lower 2  angle, which is corresponding to 
the enlargement of the basal distance d003 compared to the host LDH [21]. As shown in 
Figure 5.1b, no obvious displacement on the (003) diffraction plane was observed after the 
phosphate adsorption process suggesting that the anion exchange is not the main 
mechanism during the phosphate adsorption process. Most of the phosphate was adsorbed 
on the composite surface through surface adsorption, both electrostatic attraction and 
inner-sphere complexation than via anion exchange. This implies that the desorption 
process is better performed by stripping adsorbed phosphate on the adsorbent surface 
rather than exchanging phosphate intercalated in the LDH interlayer. Moreover, 
regenerating composite by NaCO3 solution, to replace back phosphate anion in the LDH 
interlayer by carbonate anion, can negatively affect subsequent phosphate adsorption. As 
previously revealed that carbonate anion is the most competitive anion for phosphate 
adsorption onto the composite surface. On the other hand, the carbonate anion on the 
desorption solution makes it difficult to recover phosphorus as calcium phosphate because 
of the calcium carbonate formation [7]. 
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Figure 5.5  Proposed mechanism of phosphate desorption from am-Zr/MgFe-LDH by NaOH 
solution. 

Desorption of adsorbed phosphate from the composite by NaOH solution can be 
described as the reverse process of the phosphate uptake by surface adsorption as shown 
in Figure 5.5. High NaOH concentration and low phosphate concentration promote the 
phosphate desorption process by ligand exchange between adsorbed phosphate species 
and hydroxyl groups, which can be expressed as following reactions [22]:  

(5.1)
(5.2)
(5.3)
(5.4)
(5.5)
(5.6)

where M stands for metal atom and OH is the hydroxyl group. Furthermore, high 
concentration of OH- results in the deprotonation of hydroxyl groups in the composite 
surface which can be expressed as [22]: 

(5.7)
This reaction causes a negatively charged composite surface, which then creates the 
repulsion of phosphate adsorbed by electrostatic attraction, and subsequently shields 
phosphate re-adsorption during desorption process. However, desorption experiment 
results showed that the phosphate adsorption process was not fully reversible. The loss of 
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efficiency might be attributed to the strongly bound phosphates with metal oxy-hydroxides 
on the composite surface, as well as to other interfering parameters, such as the partial 
destruction of adsorption sites during the regeneration process. Electrostatically bound 
phosphates are easier to desorb than inner-sphere complex bound phosphates. The 
irreversible phosphates mostly come from inner-sphere complex bound phosphates which 
are bound by bidentate ligands. Bidentate phosphates are strongly attached to the 
composite surface because they are chemically bound by two bonds, compared to 
monodentate phosphates that are attached by a single bond.  

5.4 Summary

In this study, the possible mechanisms of phosphate adsorption onto am-Zr/MgFe-LDH 
were analyzed employing pHpzc, FTIR, XRD, and XPS analyses, and the desorption 
mechanism of phosphate by NaOH solution was tried to elucidate. The results showed that 
electrostatic attraction, inner-sphere complexation, and anion exchange played an 
important role in phosphate adsorption. The high phosphate adsorption of the composite 
is primarily related to the introduction of highly hydrated am-Zr, cooperated with the ability 
of MgFe-LDH for adsorbing phosphate by anion exchange and surface adsorption. 
Phosphate desorption was focused on stripping adsorbed phosphate on the composite 
surface since most phosphates are adsorbed by surface adsorption. Therefore, the 
phosphate desorption mechanisms from the composite surface by NaOH solution were the 
reverse process of the phosphate uptake by surface adsorption, which were electrostatic 
repulsion and ligand exchange between adsorbed phosphates and hydroxyl groups. This 
study provides insights to assist in designing practical systems for removing and recovering 
phosphorus by using am-Zr/MgFe-LDH. 
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CHAPTER 6

CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

The conclusions gathered from this study are as follows:    
1. The composite of am-Zr/MgFe-LDH was successfully prepared, and the uncalcined 

composite with a Zr/Fe ratio of 1.5 had a higher phosphate adsorption capacity (35.40 
mg-P g-1) than the uncalcined MgFe-LDH (17.99 mg-P g-1) and am-Zr (32.00 mg-P g-1). 

2. The adsorption ability of the composite was considerably stable over a wide pH range 
that is suitable for practical application. However, this composite may not apply to 
wastewater that contains a high HCO3  concentration. The adsorption kinetics and 
isotherm of the composite were approved to follow the pseudo-second-order and 
Freundlich model, respectively. The adsorption thermodynamics showed that the 
phosphate adsorption was more feasible at high temperature, occurred spontaneously, 
and endothermic process. 

3. The increased bed height and phosphate concentration; and reduced flow rate, pH, and 
adsorbent particle size in the fixed-bed column study were found to increase the column 
adsorption capacity. The optimum adsorption capacity of 25.15 mg-P/g was obtained at 
pH 4. The non-linear fitting of the breakthrough data showed that the MDR model was 
found to be the best model for predicting the experimental phosphate adsorption 
behavior as compared to the Yoon-Nelson and Thomas models. 

4. The phosphate adsorption capacity of composite reduced when it was used in 
wastewater with a high (bi)carbonate concentration, the most competitive anion for 
phosphate adsorption on the composite surface. However, it exhibited more favorable 
phosphate adsorption in the coexistence of seawater ions. 

5. The results of the reusability studies demonstrated that the composite could hold its 
removal efficiency at approximately 86% after eight cycles in batch test by reused 2 N 
NaOH and 83% after eight cycles in column desorption by 0.1 N NaOH, emphasizing the 
practicality and stability of the composite in adsorbent regeneration and phosphorus 
recovery processes. 

6. Based on the analysis of adsorption in varying pH solutions, FTIR spectra, XRD patterns, 
and XPS spectra, the potential adsorption mechanisms involved in the composite during 
the adsorption process were found to mainly consist of electrostatic attraction between 
the positively charged adsorbent surface and phosphate anions (particularly at low pH), 
inner-sphere complex formation between metal hydroxides and phosphate anions on 
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the adsorbent surface, and exchange of carbonate anions in the LDH interlayer. On the 
other hand, the desorption of adsorbed phosphate from the composite by NaOH 
solution can be described as the reverse process of the phosphate uptake by surface 
adsorption. 

6.2 Future works

Suggestions for future research topics concerning the application of am-Zr/MgFe-LDH 
for phosphate adsorption are listed below: 

1. The application of economical pretreatment to reduce (bi)carbonate from wastewater 
before process, such as chemical precipitation, since (bi)carbonate is the most 
competitive anion for phosphate adsorption onto the composite. 

2. The use of adsorption byproduct to create an economic adsorption system, such as the 
processing of desorbed phosphorus in the regeneration process to a valuable product 
like hydroxyapatite, or the application of saturated composite as a slow-release 
phosphate fertilizer. 

3. Further study for the effective adsorbent dose for desorption using NaOH solution to 
effectively reduce desorption cost. 
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