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Abstract 

Development of selective adsorbents with an enhanced removal efficiency for the 

removal of phosphate and arsenic from water/wastewater is urgently needed to 

obtain safe water. Firstly, a hybrid adsorbent of nanoscale zirconium molybdate 

embedded within a macroporous anion exchange resin (ZMAE) was fabricated for 

selective removal of phosphate and arsenate. The ZMAE was characterized with low 

agglomeration of zirconium molybdate (ZM) NPs dispersed within the structure of 

the anion exchange resin (AE). As major results, the adsorption capacity of ZMAE 

for both phosphate and arsenate (26.1 mg-P/g and 46.7 mg-As/g, respectively) in the 

presence of excessive sulfate (5 mM) showed much superior to that of the pristine 

AE (1.8 mg-P/g and 6.9 mg-As/g, respectively) although their capacities were 

similar in the absence of sulfate. This selective performance of the ZMAE for both 

phosphate and arsenate in the presence of excess sulfate ion is attributed by the role 

of loaded ZM NPs which contributed to be more than 90% of the selective capacities 

of the ZMAE. Furthermore, the selective phosphate and arsenate of the ZMAE was 

confirmed by not only the batch experiment with synthetic model water/wastewater 

but also the column test. 

Secondly, this study proposed a new and effective method for fabricating a 

hydrated zirconium oxide NPs embedded anion exchange resin (ZAE) in purpose of 

development a robust and high selective adsorbent for phosphate removal. This 

proposed method achieved much more effective loading Zr within the resin than the 
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conventional method. A series of the ZAE adsorbents with different Zr contents were 

fabricated and examined the selective adsorption of phosphate. As major results, the 

HZO NPs contributed to enhance both adsorption efficiency and selectivity of the 

anion exchange resin (AE). The selective adsorption of the ZAE for phosphate ion 

relied on the loaded HZO NPs and was in a function of the Zr content. Indeed, linear 

equation with high coefficient R2 value (R2  1.00) well described for the correlation 

between the Zr content and the maximum capacity of effective phosphate adsorption 

for either batch or column adsorption. These results allow to understand the selective 

insights of the ZAE toward phosphate ion. 

In overall, both hybrids ZMAE and ZAE promise a great potential for effective 

removal of phosphate and arsenic in real water/wastewater treatment. These could 

allow to explore a new route for synthesis of low cost and novel hybrid adsorbents 

for phosphate and arsenic.  

 

Key words: Selective adsorption; zirconium molybdate; hydrated zirconium 

oxide; phosphate removal; arsenic removal; anion exchange resin; hybrid adsorbent. 

Student number: 2014-30864. 
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1. Introduction 

1.1. Research background 

Water pollution, especially arsenic (As) contamination in water and groundwater 

is a worldwide concern. It has been reported that many countries have been seriously 

concerned with arsenic pollution in water resource such as, Bangladesh, India, Chile, 

Argentina, South East Asia, China, Mongolia and the United State. Long-term 

exposure to arsenic can cause many dangerous diseases to human including cancers 

(skin lung, liver and bladder and kidney) and other non-caner effects (muscular 

weakness, loss of appetite and nausea) [1-4]. Due to its harmful properties, the US 

Environmental Protection Agency (US EPA) has established the guideline for 

arsenic concentration permitted in drinking water to be lower than 0.01 mg/L [5-7]. 

In order to obtain safe water, which meets the arsenic standard in local communities, 

it is required to develop relatively simple, inexpensive and effective arsenic removal 

technologies [8]. 

Unlike arsenic, phosphorous (known in phosphate) is a necessary macronutrient 

that takes an important role for the growth and development of biological organisms 

in most of the ecosystems. However, the excessive phosphate concentration is 

regarded as one of the main sources causing eutrophication of lakes, rivers, and 

coastal regions. Eutrophication becomes the widespread problem deteriorating water 

quality which leads to accumulation of organic maters (plants and algae) and  
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development of color and odor in water as well [9, 10]. In recent decades, reducing 

phosphate discharged from wastewater have been considered as one of the key issues 

of regulating eutrophication. The Water Framework Directive of EU suggests the 

phosphate concentration in the wastewater discharge to be in the range between 0.1–

0.5 mg-P/L [11]. The US EPA has recommended that the maximum level of 

phosphorus in water should not exceed 0.05 mg-P/L [12]. Therefore, the 

development of effective technologies for phosphate removal in wastewater going 

into the lakes, rivers and reservoirs is required in order to become an effective way 

to control the eutrophication problem in water.  

So far, adsorption is a relatively simple technology commonly used in water 

treatment system with low cost and effective removal of trace amount of 

contaminants leading to better conduct in regions/countries concerning of electricity 

and economy [13, 14]. Phosphorous and arsenic belong to the same group in the 

periodic chart and their oxidation state +5 of phosphate and arsenate have very 

similar ionic form and pKa values [3, 15]. Thus, phosphate and arsenate have a 

similar chemical properties. Indeed, an effective arsenic adsorbent is expected to 

effectively remove phosphate ion from water and vice versa. Be usually occurring in 

trace level compared with other coexisting ions in water and groundwater, the 

removal of arsenic requires selective adsorbents which should have a much greater 

affinity toward arsenic species than other ions. Although the regulation of phosphate 

does not strictly require at trace level like the case of arsenic, the removal of 

phosphate from high matrix ions of discharged wastewater or polluted water may be 
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suffered greatly. Therefore, development of novel adsorbents for selective removal 

of arsenic and phosphate from water/wastewater is urgently required.  

In last decade, hybrid adsorbents of inorganic NPs impregnated a macro-porous 

structure of high mechanical crosslinking anion exchange resin have developed and 

extensively studied for effective removal of both phosphate and arsenic from water.  

These hybrid adsorbents can combine a selective properties of embedded NPs toward 

target anions and a high mechanic properties of the polymeric host hard problems of 

nanoparticles (NPs) for overcoming the hard problems of nanoparticles (NPs). In 

addition, the use of anion exchange resin (AE) as a host can utilize advantages of 

Donnan membrane effect from the high density of quaternary ammonium functional 

groups, which greatly enhanced the adsorption capacity and efficiency of target ions 

[16, 17]. In fact, Sengupta group developed novel hybrid adsorbent of hydrated iron 

oxide (HFO) impregnated porous AE for effective removal of arsenic showing 

important role of Donnan membrane effect for the enhancement of arsenate removal 

[16]. In similar way, Pan et al. has developed a hybrid of hydrated zirconium oxide 

(HZO) impregnated AE (D201), named HZO-201, for arsenic and phosphate 

removal with a great performance [18]. In addition, the hybrid HZO-201 has 

exhibited its excellent stability against with acid/base and organic substances 

compared with that of HFO-201.  

Although these types of hybrid adsorbents have shown a great potential for 

effective removal in real water application, the diversity of inorganic NPs dispersed 
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within the AE was limited, leading to a lack of comparative information between 

materials as well as the choice of suitable materials for specific water system of 

application. This could be due to the major challenge of dispersing metal ions into 

the polymeric phase because of the Donnan exclusion between the fixed positively 

charged ammonium functional grooups of the resin and the cationic form of metal 

ion [19]. Furthermore, although the loaded inorganic NPs was thought to have an 

important role for the selective adsorption of phosphate using this type of hybrid 

adsorbent, no systematic investigation how effect of loaded metal content to the 

adsorption performance and selectivity have been reported. This leads to lack of 

understanding the adsorption selectivity and capacity insights these hybrid 

adsorbents.  
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1.2. Objectives 

In this dissertation, novel hybrids (nano-composites) of inorganic NPs 

embedded a commercial macroporous anion exchange resin were developed for 

removal of arsenic/phosphate from water/wastewater in respect of selective 

adsorption. These adsorbents were not only be fabricated by effective methods in 

purpose of reducing cost, time and chemicals as well but also exhibit their great 

performance of selective adsorption. For this purpose, the extensive study of 

following topics was conducted. 

(1) To develop a nano-scale zirconium molybdate embedded anion exchange 

resin (ZMAE) for selective removal of phosphate and arsenic. For this, the 

ZMAE was fabricated by in-situ precipitation of molybdate oxoanion with 

zirconium ion within the structure of the anion exchange resin with a single 

cycle of synthesis process. Surface characteristics of the ZMAE were 

examined by a SEM, HR-TEM, XRD, FTIR, BET surface area and XPS 

analysis. In addition, the potential of ZMAE for selective removal of 

phosphate and arsenic were conducted and evaluated in presence of 

competing ions for both batch and column adsorption tests.  

(2) To propose a new and effective method for fabrication of the hybrid of HFO 

(without molybdate) embedded a macroporous anion exchange resin (ZAE), 

called molybdate-intermediate method, in purpose of reducing time, cost 

and used chemicals of the synthesis procedure for selective removal of 
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phosphate. A series of hybrid ZAE adsorbents with different zirconium 

contents were fabricated and examined for the phosphate adsorption 

performance and selectivity in this study. In addition, the correlation 

between zirconium content and the selective performance of ZAE toward 

phosphate ion was conducted using both batch and fixed-bed column 

experiments in presence of competing ions. The results would provide a new 

insight of the hybrid ZAE for development of a large-scale synthesis of the 

hybrid ZAE. 
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2. Literature Review 

2.1. Arsenic and phosphate problems 

2.1.1. Arsenic and its contamination in water 

Arsenic (As) is a well-known dangerous and carcinogenic metalloid with atomic 

number 33, atomic mass 74.92 and electronic configuration 4s23d104p3 found as a 

trace element in the earth’s crust. Arsenic exists mainly in four oxidation states in 

environment: arsenate (As(V)), arsenite (As(III)), arsenic (As(0) and arsine (As(-

III)). Among them, As(V) is the most stable form. Besides, arsenic can be found in 

a variety of organic form in environment, such as monomethylarsonic acid [MMA, 

CH3AsO(OH)2], dimethylarsinic acid [DMA, (CH3)2AsOOH], trimethylarsine  oxide 

[TMAO, (CH3)3AsO], arsenobetaine [AsB, (CH3)3As-CH2COOH], arsenocholine 

[AsC], arsenosugars [AsS] [13]. In general, inorganic arsenic is more toxic than 

organic ones and inorganic As(III) is much more toxic than inorganic As(V). 

The Eh-pH diagram provides a view of arsenic forms and its possibility of 

mobilization in water environment depending on the solution pH and oxidation 

potential Eh values [3, 13]. Positive Eh indicates oxidative condition, whereas 

negative Eh represents reducing condition. In natural water with pH often from 6 to 

9, arsenic is almost predominated in two inorganic forms: arsenate (As(V)) and 

arsenite (As(III)) under several forms (such as H2AsO4
-, HAsO4

2- and H3AsO3). 

Generally, As(III) mainly occur under anaerobic conditions (e.g. groundwater), 
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whereas As(V) is the major specie under aerobic conditions (e.g. surface water) [20]. 

Comparing to As(V), As(III) seem to be more difficult to remove from the water 

sources [3, 21, 22]. As(III) generally has a weaker physiochemical affinity towards 

most absorbents. Therefore, a pretreatment process is usually introduced for As(III) 

oxidation, then As(V) formation are selectively absorbed on to the surface of solid 

materials [5, 23-25]. 

Arsenic concentration in water varies from one water body to another water body. 

In groundwater, arsenic concentration can vary in a large range from 0.5 to 5000 

g/L with naturally releasing from the aquifers containing arsenic being weathered. 

Thus, the arsenic concentration in groundwater is greatly affected by the 

mineralogical characteristics of the aquifer and the physicochemical properties of 

the groundwater [26]. Natural reactions including weathering reactions, biological 

activity, geochemical reactions, volcanic emissions are considered as the main 

factors causing the mobilization of arsenic from aquifers/soils to water systems 

causing its contamination. In addition, anthropology activities such as mining, 

combustion of fossil fuels and uses of chemical for crops and industries also 

contribute to the source of polluted arsenic. Arsenic in fresh water and river water 

are often found in lower concentration than groundwater, which have been reported 

in the range of 0.15 – 0.45 g/L depending on the source, availability, and 

geochemistry of the catchments. Arsenic contamination in marine water is often low 

concentration [13].  
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Fig. 2-1. (a) Eh-pH diagram for dissolved arsenic species in water at 25 oC and 1 

atmospheric pressure and (b) Distribution of arsenic species versus pH in water.  
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2.1.2. Eutrophication and its relationship with phosphate 

Eutrophication is the process of nutrients enrichment of water which results in 

inducing overgrowth of phytoplankton and thus deteriorating water quality, 

depopulating of aquatic biodiversity and species distribution and depletion of 

dissolved oxygen [27]. Eutrophication problem has become a strategy problem in 

many coastal regions in UK, China and other industrial countries concerning with 

the increase of phosphate concentration. For example, the cost of eutrophication to 

the UK industry water are estimated at > £15 M annually [28]. Nitrogen and 

phosphorous are considered as the main sources of nutrients in water. Extensive 

study reported that phosphorous is the key nutrient regulating eutrophication in lakes 

and reservoirs but not nitrogen because of the difficulty in controlling the exchange 

of nitrogen between atmosphere and water and the fixation of atmospheric nitrogen 

[29, 30]. According to the Water Framework Directive of EU, phosphorous is likely 

to be required in discharge levels ranging between 0.1–0.5 mg-P/L. The US EPA has 

recommended that the maximum level of phosphorus in water should not exceed 

0.05 mg P/L. The recommended total P concentration by The Australian and New 

Zealand water quality guidelines in lakes and reservoirs < 0.01 – 0.025 mg-P/L [12]. 

Human activities including industries and agriculture with overuse of 

phosphorous are unavoidable causing a tremendous phosphate in discharging 

wastewater, which could be uncontrollably released into an aquatic system [31, 32]. 

Discharged wastewater usually containing orthophosphate and phosphorous 
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compounds forms such as condensed phosphates (pyrophosphate or 

tripolyphosphate) and organic phosphate. These polyphosphates could be 

hydrolyzed to be orthophosphate in water [33]. Among phosphorous forms, 

orthophosphate (or phosphate) is the only phosphorous form can be directly absorbed 

by most plants including algae. Phosphate can be occurred under soluble forms in 

water or can be adsorbed by mineral or sediment in water [12]. The presence of 

phosphate in water can be influenced by the pH of water because pH can affect to 

surface charges of both mineral/sediments and the form of phosphate (phosphoric 

acid has three pKa values (pKa1 = 2.15, pKa2 = 7.20, pKa3 = 12.33 [15])).  

Removal of phosphate from discharged wastewater going into received waters 

(such as lakes and reservoirs) becomes a critical issue to control eutrophication 

problem in water. As the eutrophication occurs, the recovery of water properties by 

reducing phosphate concentration is difficult because the phosphate trapped by 

sediments and minerals in water were not effectively removed, which could slowly 

be released back into the water.   
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Fig. 2-2. Simplified illustration of direct and indirect sources driving eutrophication 

in water [34].  
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2.2. Adsorption technology for arsenic and phosphate 

removal 

2.2.1. Overview  

Many treatments and processes have been employed for removal of arsenic and 

phosphate from water and wastewater mainly classified as coagulation or co-

precipitation, ion exchange, membrane and adsorption technologies. The efficiency 

of these technologies were summarized and compared in Table 2.1 [35].  Sometimes, 

the ion exchange is usually classified into the adsorption process [3]. Recently, the 

adsorption process has become the most promising method for removal of both 

arsenic and phosphate from water because of it is low cost, energy-efficient, 

removal- effective and operation-easy leading to suitably conduct in worldwide, 

especially in countries/regions concerning of electricity and economy [36-39]. 

A variety of adsorbents have been synthesized, studied and commercialized for 

phosphate and arsenic removal over decades [3]. They could be organic materials 

(carbon, chitosan, polymeric resin, etc.), inorganic materials (iron/iron oxide, 

zirconium oxide, titan oxide, iron-manganese mixed oxide, iron-ziconium mixed 

oxide, etc.) and hybrid materials (organic-inorganic composites such as, metal oxide 

loaded activated carbon, metal oxide impregnated ion exchange resin or chitosan, 

etc.) depending on the purpose of study. As principle, phosphate or arsenic species 

could be removed from water by interaction-attached on the surface/pore surface of 

adsorbents. Solid-liquid equilibrium established between the electrolyte solution and 
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a solid adsorbent is quite complicated depending on many factors such as pH of 

water, number of active adsorption sites, single or multi ions system, affinity of 

adsorption sites towards target ion compared with other ions. Most studies of the 

adsorption process were conducted with single ion prepared in DI water while the 

multi-ions system was less considered [3]. However, arsenic usually exists in trace 

level in water/groundwater containing many coexisting ions such as, chloride, nitrate, 

sulfate, bicarbonate [40]. Also, phosphate in discharged wastewater even 

accompanied with complicated matrix of ions. Thus, the removal of arsenic or 

phosphate in certain contaminated water could greatly suffered from coexisting ions 

from water. For examples, the uptake of arsenic on Fe0 was decreased in the presence 

of sulfate ion and the effect was stronger at low pH value [41, 42]. Novillo et al. 

reported that the phosphate adsorption on Mg/Al layered double hydroxides (LDH) 

was affected by competing other anions in water (SO4
2-, HCO3

-, NO3
- and Cl-) and 

the adsorption decreased in order NO3
- > HCO3

-  > Cl- > SO4 2- due to the affinity of 

the LDH toward divalent anions [43]. Organic substances in water such as humic 

acid could suppress the adsorption of phosphate (or arsenic) on adsorbents or could 

delay the adsorption equilibrium which could lead to re-assessment and 

establishment  of proper system designs [44, 45].  

Along with adsorption capacity, desorption and regeneration of adsorbents have 

recently been considered as critical issues in contribution to reduce process cost and 

recover of elements/adsorbents. It requires adsorbents should be retained their 

original adsorption behaviors after regeneration process. For inorganic anion 
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adsorption like arsenic or phosphate, the common desorption method is based on 

chemical process. Recent studies on metal oxides or their composites demonstrated 

that both arsenic and phosphate were almost completely desorbed by solution of 

NaOH (or NaOH–NaCl) [46-49]. As pH increases by loading solution of NaOH, the 

surface hydroxyl groups of metal oxides are deprotonated and become negatively 

charged which leads to desorb arsenic or phosphate species [50].  
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Table 2-1. Comparison of arsenic removal among technologies. 

Technology Chemical reagent 
As(III) 

removal (%) 

As(V) 

removal (%) 

Coagulation- filtration 

precipitation 

(including lime 

softening) 

Ferric chloride < 30 90 – 95 

Sulfates (Al, Cu, 

NH3) 
<  30 80 – 90 

Adsorption 

Activated carbon or 

activated alumina 
30 – 60 > 95 

Fe hydroxide 

(granular) 
30 – 60 >95 

Ion exchange 
Anion exchange 

resins 
< 30 80 – 95 

Membrane filtration 

(nanofiltration  and   

reverse osmosis) 

 

60 – 90 > 95 

80 - 95 > 95 
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2.2.2. Ion exchangers for anion removal 

2.2.2.1. Introduction  

Ion exchange is one of the most popular method employed for removal of ions 

from solution in many last decades due to its simplicity, effectiveness, recovery and 

low cost. To be considered as adsorption process, ion exchange is defined as a 

heterogeneous process where interchange takes place between a counter ion on a 

solid phase of ion exchanger and counter ions in electrolyte solution [51, 52]. 

Historically, ion exchange was discovered from H. S. Thomson and J. T. Way in the 

middle of the 19th century, which described the percolation of ammonium sulfate 

through the tube filled with soil into the calcium surface. In 1935, Adams and 

Holmes synthesized the first organic-based (polymeric) cation and anion exchangers 

by polycondensation of phenol with formaldehyde and a polyamine, respectively. In 

1944, D’ Alelio prepared and patented a sulfonated crosslinked polystyrene anion 

exchange resin [53]. These inventors were considered as fundaments for the diverse 

development of new ion exchangers which were diversely and powerfully applied in 

biotechnology, agriculture, pharmaceuticals, pure chemicals, microelectronics and 

etc. [54]. Nowadays, ion exchangers are synthesized by a three-dimensional cross-

linked polymer constituting a separate insoluble phase, usually a polystyrene 

crosslinked with 3 to 8% divinylbenzene (DVB). The functional groups (fixed co-

ions) was covalently attached on the polymeric phase, which permeated and 

electrically balanced by an exchangeable counter-ion [53, 54]. In general, ion 
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exchangers can be classified into four main groups based on their functional groups 

including: strong acid cation (SAC) exchanger (e.g., sulfonate, -SO3
-); weak acid 

cation (WAC) exchanger (e.g., carboxylate, -COO-); strong base anion (SBA) 

exchanger (e.g., quaternary amine, -N+(CH3)3) and weak base anion (WBA) 

exchanger (e.g., tertiary amine, -N(CH3)2). Besides, there are also some special types 

of ion exchangers fabricated for specific purposes.  

For anion exchangers, cross-linked polystyrene covalently attached amine 

functional group was commonly commercialized. Depending on the order of basicity 

of amine functional group, anion exchanger can be classified into strong to weak 

base and arranged as follows [53]: 

 

Resin with quaternary ammonium functional groups (benzyltrimethylammonium) 

are strongly basic and known as type 1. This type of resin can remove a wide range 

of anions including hard anions (from strong acids, such as Cl-, SO4
2-) and soft anions 

(from weak acids, such as HSiO3
-, SiO3

2-). The type 1 anion exchange resin are 

R   where R can be: 

����
�(���)���

�: Type 1 strong base resin (e.g. Amberlite IRA402) 

����
�(���)�����������

�: Type 2 strong base resin (e.g. Amberlite IRA410) 

����
�(���)�: Weak base resin (e.g. Amberlite IRA96) 
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widely used in water treatment. This process used for removal of phosphate (or 

arsenate) ion is shown in follow equations: 

���
���� + �����

� ⇔ (���
�)������

� + ��� (2-1) 

2���
���� + ����

�� ⇔ (���
�)�����

�� + 2��� (2-2) 

3���
���� + ���

�� ⇔ (���
�)����

�� + 3��� (2-3) 

Resin with benzyldimethylethanolammonium groups are known as type 2 and are 

less slightly basic. This type of resin is also basic enough to remove anions; however, 

they showed less chemical stability than the type 1. The weak base anion exchange 

resin was known with the primary amine functional group and rarely used in water 

treatment. 

  



20 
 

2.2.2.2. Mechanism and non-selectivity of anion exchangers 

Ion exchange describes a stoichiometric interchange between chemically 

equivalent number of counter anion on the surface ion exchanger and another counter 

ion in electrolyte solution. This interaction process is governed by columbic or 

electrostatic force and is a reversible process. Thus, the adsorption is prior to counter 

ions with higher valence and smaller hydrated radius [12]. Besides, the Bronsted and 

Lewis acid-base interaction were also pronounced for the case of weak base AE [53]. 

The selectivity of anion exchangers toward ion B over ion A can be expressed 

by the selectivity coefficient (SB/A) (simply for a monovalent anion): 

���
��� + �� ⇔ ���

��� + �� (2-4) 

At equilibrium,   ��/� =
[��]�[�

�]

[��]�[�
�]

   

where, [��]�and [��]� are the equilibrium concentration of A- and B- on the resin;    

[��] and [��] are the equilibrium concentrations of A- and B- in solution. Assuming 

activities of ions are constant. 

Fig. 2-3 shows the arsenate removal from tap water by the strong base AE Relite 

A-490. As the result, the efficiency of arsenate removal was sharply decreased in the 

presence of competing anion (Cl- or SO4
2- ion) [55]. Awual et al. investigated the 

effect of common anions in natural water (Cl-, NO3
- and SO4

2-) to the phosphate 

adsorption with varying pH value in comparison between the weak base AE Diaion 

WA20 and the strong base AE Diaion SA10A [56]. As shown, the phosphate 
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adsorption to both resin types were strongly affected by the competing anions. In 

addition, the weak base AE prefers phosphate to these univalent ion, while the strong 

base AE prefer less hydrated anions to highly hydrated ones.  

 

 

Table 2-2. The relative selectivity of a type 1 and the type 2 strong base anion 

exchange resin for monovalent anions in respect to OH- ion. 

Anion 
Resin 

Type 1 Type 2 

OH-* 1.0 1.0 

F- 1.6 0.3 

Cl- 22 0.5 

Br- 50 6 

CH3COO- 3.2 0.5 

HCO3
- 6.0 1.2 

NO2
- 24 3 

NO3
- 65 8 

CN- 28 3 

HSO4
- 85 15 

  *Reference value  
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Fig. 2-3. (a) Effluent arsenic concentration vs. bed volumes for different water 

concentration using strong base AE Relite A-490 ([As(V) = 820 g/L, flow rate 20 

BV/h); (b) Equilibrium phosphate concentration as a function of equilibrium pH in 

the presence and absence of competing ions in comparison between the Dianion 

WA20 and Dianion SA10A ([PO4] = 0.01M, [Adsorbent] = 50 mg/50 mL, [Cl] = 

[NO3] = [SO4] = 0.01M, 30oC, 24 h).  
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2.2.3. Adsorption by metal oxides and their limitations 

Recently, a variety of polyvalent metal oxides NPs have been extensively 

employed for removal of arsenic or phosphate species due to their large surface area 

and specific functionalities [18, 57], which could be single oxides (such as, Al 

oxide/hydroxide [58, 59], Fe oxide [6, 60], Zr oxide [9, 61], Cu oxide[62], Mn oxide 

[63], Ti oxide [64], Sn oxide [65]) and binary oxides (such as, Fe-Mn [31, 66], 

Fe(III)-Zr(IV) [67, 68], Fe(III)-Cu(II) [10, 69], Fe-Ti [70, 71], Al-Mn [72] and Ce-

Zr oxide [73]). Among them, iron oxides have been mostly used because it is 

abundant, inexpensive and innocuous source. Many forms of iron oxide have been 

considered as promising adsorbents for arsenic and phosphate removal, including 

hydrous ferric oxide (FeOOH) [6, 60], goethite (-FeOOH) [74, 75] and hematite 

(-Fe2O3) [76], magnetite (Fe3O4) [77, 78]. In particular, the use of magnetite iron 

oxide or zero valent iron could allow magnetic separation of adsorbents, which bring 

advantages in technical design of filtration process [79]. Nevertheless, iron oxides 

can be dissolved in acidic condition and in contact with organic substances. In 

addition, the reduction of Fe(III) to Fe(II) by reducing agents can increase their 

dissolution, which could increase risk of arsenic release from the arsenic-laden to 

landfill conditions [11, 50]. To compare with iron oxides, zirconium oxide has been 

recently reported with high stability against with pH ranges, organic substances and 

oxidants [18, 80]. An increasing study of zirconium oxide and its binary oxide has 
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extensively introduced for high efficient removal of phosphate and arsenic removal 

from water [9, 81, 82]. 

Unlike anion exchanger, metal oxides are able to selectively adsorb arsenic and 

phosphate species on their surface functional groups in the presence of high 

concentrations of competing anions such as sulfate, nitrate, chloride, and bicarbonate. 

Interaction of hydrated metal oxide with arsenic or phosphate in electrolyte solution 

is mainly taken placed on their surface functional groups, OH groups [83]. The 

hydrated metal oxides can be viewed as diprotic weak acids that can deprotonate as 

follows [84]: 

����
� ��� +��  (2-5) 

��� ��� + ��  (2-6) 

Surface charge of metal oxides could be positive (����
�), neutral (���) or 

negative (���) depending on the solution pH. When the pH < pHpzc of the oxides, 

the protonated form (����
� ) will be favorable for phosphate or arsenate ion. 

Arsenic/phosphate was effectively adsorbed on hydrated surface of metal oxides 

through their inner-sphere complexation between arsenic/phosphate and surface 

hydroxyl groups [85, 86] (Fig. 2-4). However, when pH > pHpzc, the deprotonated 

form (���) of metal oxide surface was created, resulting in decreasing the removal 

efficiency due to the electrostatic repulsion [49].   
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Besides chemical bonding with surface hydroxyl groups, surface precipitation 

and co-precipitation process were also reported for the case of nano zero-valent iron 

(nZVI) in removal of arsenic and phosphate [87, 88]. The outstanding arsenic 

adsorption property of nZVI is explained by the role of its reactive corroded products 

(Fe species) [88-90]. 

However, be present as fine particles, the use of NPs can deal with hard problems 

including difficult manipulation and separation, high pressure drop during operation, 

which could lead to limitation of their application for water treatment. In addition, 

risk of leaking of NPs to environment causes another environmental concern [50, 

91]. Recently, embedding metal/metal oxide NPs within a large-sized or porous 

support has been recently studied for overcoming technical problems of NPs. 

Various materials have been used as supports including activated carbon/graphite 

[92-94], cellulose [32], chitosan[95, 96], zeolites [97, 98], or functional polymers 

[99-102].  



26 
 

 

Fig. 2-4. Schematic illustrates the interaction mechanism between metal oxide 

surface and common anions in water. 
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2.2.4. Adsorption by molybdate-based materials 

Molybdate oxoanion is well-known as a selective agent which reacts with 

phosphate to form molybdophosphate complex applied for trace analysis of 

phosphate in water [103, 104]. Similar behavior of molybdate was reported for the 

case of arsenate where the molyboarsenate complex was form [104, 105]. The 

reaction between molybdate and phosphate (or arsenate) prefers in acidic solution 

[106]. Zhao et al. reported a flotation method to effectively separate the phosphate 

and arsenic from other co-existing anions in aqueous solution of molybdate ion by 

optimizing the pH, collector (dodecylamine) and co-precipitant (Fe3+) concentrations 

[107]. In the last decade, a couple of studies about molybdate impregnated chitosan 

beads (MICB) were introduced for efficient adsorption of arsenic. Dambies et al. 

showed a great capacity of MICB toward As(V) about 230 mg-As/g-Mo at pH 3 

[108]. Another studies of MICB showed high potential of column design of MICB 

for effective removal of arsenic from wastewater without any pretreatment process 

[109]. However, although MICB exhibited a promising efficiency of arsenic removal, 

the strong release of molybdenum during the arsenic adsorption was considered due 

to the natural properties of molybdate component. It could be reason in limitation of 

number of study on molybdate-based adsorbents for arsenate and phosphate removal 

in literature.   
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2.2.5. Hybrid Inorganic NPs embedded anion exchanger 

Impregnating oxides/hydroxides NPs into a porous structure of a crosslinking 

anion exchange resin is one of the effective ways to overcome hard problem of NPs. 

In addition, this type of hybrid exhibited excellent performance of arsenic (or 

phosphate) removal from water sources because it can not only inherit the selective 

property of embedded NPs for arsenic (or phosphate), but also utilize the advantage 

of Donnan membrane effect from high density of quaternary ammonium positive 

charges of the supported resin for enhancing adsorption capacity and efficiency as 

shown in Fig. 2-5 [16, 17]. Sengupta group has shown the superior efficiency of 

arsenate removal HFO impregnated AE compared with HFO impregnated cation 

exchange resin [16]. Indeed, the HFO impregnated AE enhanced permeation of 

arsenate oxyanions inside the anion exchanger, and subsequently selectively bind 

onto dispersed HFO nanoparticles, while the Donnan exclusion of the HFO 

impregnated cation exchanger leading to significantly decrease adsorption efficiency. 

Qiong et al. compared the arsenic adsorption between two host polymers of different 

surface functional groups on the same cross-linked polystyrene matrix (quaternary 

ammonium functional groups and chloride groups) embedded nZVI. It is noticed that 

the arsenate adsorption on the hybrid of quaternary ammonium functional group was 

better than that of the hybrid of the chloride functional group due to the Donnan 

membrane effect [110]. For better understanding, the following parts discuss about 

the role of Donnan equilibrium established between a strong base anion exchanger 
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and arsenate (or phosphate) anion compared with sodium cation. In addition, the 

synthesis for anion exchanger embedded with metal oxide will be also discussed.   

 

 

 

 

 

 

Fig. 2-5. Diagram of inorganic nanoparticles embedded within an anion exchange 

resin.    
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2.2.5.1. Principle of Donnan membrane equilibrium of anion exchanger 

Donnan membrane equilibrium (usually referred as Donnan membrane effect or 

Gibbs-Donnan membrane equilibrium) describes a thermodynamic equilibrium of 

two aqueous compartments separated by a permeable membrane, where water and a 

certain charged components (ions) can allow to permeate through the membrane but 

others cannot [111, 112]. Such equilibrium is important to the observation of 

heterogeneous adsorption systems between ion exchanger and electrolyte solution. 

Fig. 2-6a demonstrates clearly different general mechanism of ion permeability 

through the anion exchanger and cation exchanger. As shown, ion exchangers have 

a tendency to attract counter ions and exclude other co-ions from electrolyte solution. 

For instance, anion exchangers allow anion B- to migrate through the membrane but 

do not allow cation A+ and versa.    

In order to evaluate the equilibrium established for an adsorption system of 

phosphate (or arsenate) ion interacting with anion exchange beads, let’s consider the 

heterogeneous solution of ��� (the anion exchanger form) and mono sodium 

phosphate (or arsenate) (NaX). The dissociation of ��� and NaX salts are expressed 

as follows: 

��� →	��� + �� (2-7) (X- is H2PO4
- or H2AsO4

-) 

���→	�� + ���     (2-8) 
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Fig. 2-6b illustrates the initial and equilibrium states established between two 

sides of the membrane (symbolized by a vertical line). As shown in Fig. 2-6b, 

assuming at initial state, the solution of ��� and NaX are placed in both sides of the 

membrane, where the salt of ��� is placed on the left-hand side (L) of the membrane 

and NaCl salt is in the other side (R). The ion Cl-, Na+ and X- are then migrated to 

other sides of the membrane and reached equilibrium while the cation ��  is an 

impermeable ion. At equilibrium, the isothermal reversible change of these ions is 

balanced and the Donnan membrane equilibrium provides the following equation: 

[���]�
[���]�

=
[���]�
[���]�

=
[��]�
[��]�

									(2 9) 

Expressing Eq. (2-9) for equilibrium concentration of ions permeability through 

the membrane as follow: 

 

Substitution of (2-12) to (2-11) results in: 

� =
(�� + ��)��
�� + 2��

											(2 13) 

� =
��
�

�� + 2��
													(2 14) 

�

�� �

�
=
�� �

�
=

�

�� �
						(2 11)

� = � �																																			(2 12)
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Combing value of � and � in (2-13) & (2-14), the equilibrium equation (2-9) can 

be derived:  

[���]�
[���]�

=
[���]�
[���]�

=
[��]�
[��]�

=
�

�� �
=
�� + ��
��

= ��������									(2 15) 

From Eq. (2-15), the percent of X- and Na+ migrated from the left-hand side (L) 

to the right-hand side (R) and their distributions between those sides in specific 

values of c1/c2 were calculated and summarized in Table 2.3. As the results, the ion 

[X-] (phosphate or arsenate ion) in the left-hand side is much greater than the right-

hand side and their difference is significantly increasing at high ratio of c1/c2. For 

example, at c1/c2 = 100, [X-]L is about two orders of magnitude greater than [X-]R, 

which indicates about 99% of ion X- migrated into the polymeric phase of the resin. 

In contrast to the case of ion X-, the migration of ion Na+ from the left-hand side to 

the right-hand side is remarkably suppressed (lower 1% of Na+ migrated at c1/c2 = 

100), which is related to the Donnan exclusion phenomenon.   
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Fig. 2-6. (a) Diagram of Donnan membrane equilibrium in comparison between a 

cation exchanger and anion exchanger; (b) Equilibrium established between two 

sides of the membrane (symbolized by a vertical line) of an anion exchanger. 
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Table 2-3. Distribution of ion X- (H2PO4
- or H2AsO4

-) and ion Na+ into polymeric 

phase of anion exchange resin with difference of initial ratio [�Cl]/[NaX].  

Initial ratio of 

[�Cl]/[NaX] 

%X- migrated 

from L to R 

Distribution of X- 

between L and R 

%Na+ migrated 

from L to R 

Distribution of Na+ 

between L and R 

��
��

 
�

��
100 

[��]�

[��]�
	=	

�

����
 

�

��
100 

�����
�

[���]�
	=	

�

����
 

1 66.7 2 33.3 1/2 

10 91.7 11 8.3 1/11 

100 99.0 101 0.98 1/101 

1000 99.9 1001 0.1 1/1001 
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2.2.5.2. Synthesis of inorganic NPs embedded anion exchanger 

A variety of techniques have been reported for synthesis of hybrid inorganic NPs 

embedded polymer (hybrid polymer-NPs) in general and hybrid inorganic NPs 

embedded anion exchanger in particularly. Based on the process of formation of 

hybrids, the synthesis can be classified into two major routes, which are ex situ (or 

direct compounding) and in situ synthesis.  

 

 Ex situ synthesis 

This route of synthesis has been extensively used for fabrication of hybrid 

polymer-NPs because this method was not picky to any NPs. In this method, the pre-

made NPs was dispersing in a solution of polymer or monomer which was then 

polymerized to produce a nano-composite. The synthetic principle of ex situ route 

can be expressed in Fig. 2-7a.  

As shown in Fig. 2-7a, the nano-particles was separately prepared, isolated and 

purified before introducing to compound. Thus, the desired properties of NPs such 

as size, crystalline, functionalities could be well controlled, leading to be suitable for 

large-scale production. However, NPs are known to be aggregated during the mixing 

due to the high surface energy of NPs. This results in a significant difficulty from 

controlling the dispersion of NPs in/on the polymeric structure. Sometimes, 

appropriate stabilizers or dispersants could be added for improving the homogeneous 

mixing of NPs and polymer solution.  
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If the supported polymer was prepared separately before compounding with NPs, 

the process is called blending method or direct compounding, whereas the in situ 

polymerization was described for the simultaneous of polymerization and 

compounding [113-115]. The blending method is a simplest method for preparation 

of nano-composite which can be achieved by either solution or melt blending. Melt 

blending can be proceeded in a minimal solvent for mixing and then thermal 

evaporation. This process is high efficiency; however, the obtained nano-composite 

is usually un-controlled agglomeration of dispersed NPs. The solution blending was 

shown with easier way to prepare of nano-composite which is usually followed with 

casting or centrifuging and solvent evaporation [113]. This process requires soluble 

polymers or co-polymers. On the other hand, impregnating inorganic NPs with 

solution of monomer or organic precursor followed by in situ polymerization is more 

popular than the direct method for preparing nano-composites because the strong 

interaction between NPs and support and performance of hybrids could be enhanced 

[116, 117]. For example, Wu et al. reported the comparison of 

polyimide/multiwalled carbon nanotube (PI/MWCNT) synthesized by the in situ 

polymerization and blending methods [118]. The results indicated that in situ 

polymerization provided better dispersion of MWCNT in polyimide matrix. In 

addition, thermal and mechanical properties of composites were improved owing to 

hydrogen bonding interaction. Table 2.4 summarizes several hybrid materials of NPs 

embedded anion exchanger prepared by the ex situ route including direct 

compounding and in situ polymerization. 
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Table 2-4. Summary of some typical hybrids of inorganic NPs embedded anion 

exchangers prepared by ex situ method. 

NPs 
Supported 

polymer 
Name of hybrid 

Synthesis 

method 
Ref. 

Fe2O3-SO4
2- 

Sulfonated poly 

(2,6-dimethyl-1,4-

phenylene oxide) 

sPPO-Fe2O3-SO4
2- 

Direct 

compounding 
[114] 

AgCl/AgVO3 
Fe: 10.2polyvinyl 

pyrrolidone 
ACV 

Direct 

compounding 
[115] 

SiO2 and Fe3O4 Polyethylenimine 
PEI-grafted magnetic 

porous adsorbent 

Direct 

compounding 
[119] 

(Al(OH)3 Polyacrylonitrile PAN–Al(OH)3 
Direct 

compounding 
[120] 

Sn(IV)tungstop

hosphate 
Polyaniline 

Polyaniline-

Sn(IV)tungstophosphate 

Direct 

compounding 
[121] 

TiO2 
Quaternary 

polysulfone 
QPSf/TiO2 

Direct 

compounding 
[122] 

Mg/Al mixed 

oxide 
Polycinnamamide 

Polycinnamamide Mg/Al 

mixed oxide 

nanocomposite 

Direct 

compounding 
[123] 

y-Fe2O3 Polyaniline PANI/c-Fe2O3 MNCs 
In situ 

polymerization 
[124] 

TiO2 Polyaniline 
Polyaniline-modified 

TiO2 

In situ 

polymerization 
[125] 

Al2O3 4-Aminoantipyren 
Hybrid inorganic/organic 

adsorbents 

In situ 

polymerization 
[126] 
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Fig. 2-7. Ex situ route (a) and in situ (b) for synthesis of hybrid inorganic nano-

particles embedded anion exchanger.   
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 In situ synthesis 

The principle of in situ synthesis was in contrast with the ex situ method, where 

in organic NPs (metal oxides, metal salts) was prepared within the matrix of polymer. 

With this method, the NPs are expected to be uniformly distributed within the matrix 

of polymer because the precursor metal ion is supposed to contact with 

polymer/monomer matrix. Thus, the formed NPs can be stabilized and isolated by 

units of polymer (served as nano-reactors), which allow to prevent the agglomeration 

of NPs [127]. Recently, most of the hybrid adsorbents of NPs embedded anion 

exchanger in literature have been fabricated by the in situ method. There are two 

ways of preparing hybrid of inorganic NPs embedded anion exchanger (Fig. 2-7b). 

As shown in Fig. 2-7b, the supported anion exchanger could be premade or 

simultaneously compounded with NPs.  

(1) Metal ions are firstly loaded onto the pore surface of anion exchanger as a 

precursor of NPs, where metal ions are supposed to distribute uniformly. The, 

the precursor of NPs are exposed to contact with solution/gas of containing 

S2 , OH , or Se2  for in situ precipitate the target NPs inside the polymeric 

matrix [17, 48, 128, 129]. Many applications of hybrids NPs embedded AE 

was synthesized by this route for arsenic and phosphate application (Table 

2-5). For example, Kociolek-Balawejder et al. prepared hybrid AE-CuO 

from the heterogeneous mixing of CuCl2 solution and the Amberlite IRA 

900Cl resin. The in situ precipitation of Cu(OH)2 within the supported AE 
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was controlled by solution of NaOH, which was further dried to form CuO 

NPs. The instrumental characteristics of the hybrid showed that CuO NPs 

was successfully deposited in a macroporous pore of the resin while the 

contribution to the mesoporous pore of the resin was negligible [130].   

(2) Another approach is performed by simultaneously blending the precursor of 

NPs and the monomer of polymer in with an initiator in proper solvent [131-

133]. Singh et al. reported the sol-gel method for preparation of an anion-

exchange silica precursor -poly(vinyl alcohol) in acidic medium followed by 

chemical crosslinking of –OH groups via formal reaction [132].  

 

 Popular Hybrid of inorganic NPs embedded anion exchanger 

This part focuses on some hybrid adsorbents of inorganic NPs embedded within 

a macroporous/gel anion exchange resin, which was extensively studied for arsenic 

and phosphate removal by the in situ route. The synthesis of following hybrids were 

described in principle of overcoming the Donnan exclusion of dispersing metal ion 

within the resin as well as the in situ precipitation of NPs.  

 

 Metal NPs 

Iron metal NPs or nano zero valent iron (nZVI) has been widely studied for 

adsorption removal of contaminants from water including arsenic and phosphate [89]. 

The hybrid nZVI embedded anion exchange resin (AE) was fabricated by sorption 
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followed in situ redox reaction [110, 134, 135]. Firstly, the nZVI precursor, anionic 

FeCl4 , was introduced to the AE resin and anion exchanged with counter ion Cl  of 

the AE (Eq. (2-16)). The AE beads were then added to the NaBH4 solution for 

reducing FeCl4  in to nZVI, which was in situ precipitated within AE structure (Eq. 

(2-17)). The anionic FeCl4
 was used instead of Fe3+ ion for utilizing the Donnan 

principle of fixed positively charged quaternary ammonium functional group of the 

resin. Jiang et al. reported that the concentration of NaBH4 affected directly to the 

reduction of iron ion and the stability of the formed nZVI, which required at least Na 

BH4 3.6% in mass [135]. This type of hybrid can inherit the oxidizing property of 

nZVI for oxidation of As(III), leading the much enhancement of As(III) adsorption 

capacity and efficiency of the hybrid [110].  

���
���� + �����

� →	���
������

� + ���						(2-16) 

���
������

� + 2���
� + 6��� →	���

���� + 2�(��)� + ��↑				(2-17) 

 

 Metal oxide NPs 

Several metal oxides have been dispersed within a macroporous/gel strong base 

AE resin, including titanium oxide, iron oxide, zirconium oxide, copper oxide or 

iron-manganses oxide as shown in Table 2-5. Among them, hydrated iron oxide NPs 

embedded AE (FAE) is the most popular hybrid has been recently studied. There 

were two typical techniques for fabrication of the FAE reported elsewhere [48, 129].  
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The first method for synthesis of the FAE consists of four steps as follows [129]: 

 Firstly, the AE resin was introduced to contact with solution of potassium 

permanganate to form the permanganate-loaded resin: 

���
���� +����

� →	���
�����

� + ��� (2-18) 

 Secondly, the permanganate-loaded resin was allowed to contact with 

solution of FeSO4, where the simultaneous desorption and oxidation 

processes were occurred. The MnO4
- ion replaced by SO4

2- ion oxidized Fe2+ 

to Fe3+. 

2 ���
���� + ���

�� →	(���
�)����

�� + 2����
��  (2-19) 

����
�� + 4�� + 3���� → ����↓ + 4��

�� + 2���  (2-20) 

 The third step was followed by loading NaOH solution for precipitation of 

Fe(OH)3 within the resin 

���� + 3��� → ��(��)�↓ (2-21) 

 Finally, the resultant beads were washed (water and acetone) and dried. This 

technique could allow to fabricate magnetic iron oxide embedded AE with 

carefully controlled at the second step of the procedure. 

Another technique for synthesis of FAE was reported using a binary FeCl3–HCl 

solution as a NPs precursor [48], which included three steps of process. In first step, 

the AE was loaded with solution of binary FeCl3–HCl (containing 30 – 50% ethanol), 
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where the resulting FeCl4
- ion in solution was preferably ion exchanged onto the AE, 

which is similar to the case of nZVI (Eq. (2-16). The second and third steps of this 

method were similar to the above procedure, where the AE beads were followed 

contacting with NaOH solution (Eq. (2-21)) and washed and air dried after that.  

Recently, hydrated zirconium oxide NPs embedded AE (ZAE) has exhibited its 

excellent stability against with acid/base and organic substances compared with that 

of HFO NPs while both hybrids showed compatibility of adsorption capacity and 

efficiency [18]. For synthesis of the ZAE, the dispersing of zirconium onto AE 

seemed to be more difficult than ferric ion because zirconium does not produce an 

anion complex form with chloride ion nor participate in oxidation reaction with 

permanganate like the case of Fe3+ ion. In 2013, Pan et al. introduced the method for 

dispersing by mixing of high amount of ZrOCl2·8H2O in acidic solution containing 

30% ethanol (zirconium ion was in form of [Zr4(OH)8(OH2)16]8+) [17]. The resin-

zirconium beads were followed by contacting with solution of NaOH the procedure 

for the synthesis of HFO embedded AE. In similar way, Sengupta group proposed 

and patented the method of loading zirconium oxide within AE in 2015 [19]. From 

this patent, zirconium solution prepared by dissolving zirconium oxide into a 

solution comprising an organic solvent and an acid was brought to contact with AE 

to form zirconium-loaded resin. The zirconium-loaded resin was followed to contact 

with solution of NaOH for the in situ precipitation of HFO NPs within the resin 

structure. However, for achieving the desired content of Zr in ZAE (about 10% in 

mass), at least three repetitive cycles of the synthetic process were carried out.  
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 Binary oxide NPs 

Recent studies showed that the binary metal oxide adsorbents could better 

adsorption performance than single oxide adsorbents. For example, Zhang et al. 

developed an Fe-Mn binary oxide which exhibited high capacity towards both As(V) 

and As(III) (0.93 mmol/g and 1.77 mmol/g, respectively) due to not only the 

synergetic effect between two metal oxides for additional active sites for the 

adsorption but also high capability of oxidation of As(III) to As(V) for enhancing 

the adsorption [5]. Based on this principle, Li et al. development of Fe-Mn binary 

oxide embedded AE D201 (D201-Fe/Mn) for efficient removal of As(III) from water 

[136]. The D201-Fe/Mn was synthesized as follow. Firstly, the hybrid HFO 

embedded D201 (D201-HFO) was prepared as the second technique of the FAE 

described above. The D201-HFO was then exposed to contact with KMnO4 solution. 

Similar to FeCl4
- , MnO4

- was also exchanged onto D201. Finally, the MnO4
- 

preloaded D201-HFO was deoxidized to MnO2 by 50% (v/v) ethanol solution. The 

resultant hybrid D201-Fe/Mn was characterized with well dispersed Fe and Mn 

within the resin. Sengupta et al. was also reported the synthesis of the hybrid 

adsorbent of binary Fe-Cu oxide embedded AE DOWEX M4195 (DOW-HFO-Cu) 

for selective removal of phosphate [137]. The synthetic procedure of the DOW-

HFO-Cu was similar to the D201-Fe/Mn, where the DOW-HFO was firstly prepared 

and then exposed to load copper oxide for producing hybrid DOW-HFO-Cu.  
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Table 2-5. Summary of Inorganic NPs embedded anion exchange resin reported in 

literature for removal of target pollutants from water. 

Nano-

particles 

Metal content 

(wt%) 
Supported resin 

Target 

pollutant 
Ref. 

HFO Fe: 10.2 

D201 (PS–DVB matrix, 

quaternary ammonium 

functional group) 

Phosphate [48] 

HFO Fe: 6 

Purolite C-100 (PS–DVB 

matrix, quaternary 

ammonium functional group) 

Arsenic(V) [16] 

HFO  

Amberlite IRA-900 (PS–

DVB matrix, quaternary 

ammonium functional group) 

Phosphate [100] 

HFO Fe: 6 

Synthetic fiber AE (acrylic 

matrix and -N- (CH3)2 

secondary amine groups) 

Phosphate [101] 

HFO 9.6 
NDA802 (PS–DVB matrix 

and amine groups -N(CH3)2 

Phenol and 

Phosphate 
[138] 

HFO Fe: 18–23 

Lewatit FO36 (PS–DVB 

matrix and Tertiary amine 

groups P-CH2-N-CH2-CH3)2 

functional group 

Phosphate [139] 

HFO  

PhosXnp or LayneRT (PS–

DVB matrix, quaternary 

ammonium functional group) 

Diclofenac and 

Phosphate 
[140] 
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HFO Fe: 8.6 

D201 (PS–DVB matrix, 

quaternary ammonium 

functional group) 

Chromate(VI) [141] 

Fe-Mn 

oxide 

Mn: 9.4 

Fe: 5.4 

D201 (PS–DVB matrix, 

quaternary ammonium 

functional group) 

Arsenic(III) [136] 

HZO Zr: 11–13 

Purolite A502P (PS–DVB 

matrix, quaternary 

ammonium functional group) 

Arsenic(III&V) [50] 

HZO 15.2 

D201 (PS–DVB matrix, 

quaternary ammonium 

functional group) 

Phosphate and 

Fluoride 

[11, 

17] 

HFO, HZO 

and CuO 

Fe: 7.6 

Zr: 6.7 

Cu: 4.8 

IRA-400 PS–(DVB matrix, 

quaternary ammonium 

functional group) 

Phosphate [142] 

HFO and 

HFOCuO 

Fe: 4.5–6 

Cu: – 

Dow (PS–DVB matrix, Bis–

picolylamine functional 

group) 

Phosphate [137] 

HFO and 

HFO–

Calcite sand 

Fe: 16 

Fe: 19.5 

D201 (PS–DVB matrix, 

quaternary ammonium 

functional group) 

Antimony(V) [143] 

nZVI Fe: 13.5–14.3 

D201 (PS–DVB matrix, 

quaternary ammonium 

functional group) 

Nitrate [135] 

CuO Cu: 11.9 

Amberlite IRA-900 (PS–

DVB matrix, quaternary 

ammonium functional group) 

– [130] 
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3. Development of nano-scale zirconium molybdate 

embedded anion exchange resin (ZMAE) for 

selective removal of phosphate an arsenic 

3.1. Synthesis of the ZMAE  

3.1.1. Materials and methods 

3.1.1.1. Chemicals 

All chemicals used in this study were purchased from Sigma-Aldrich. For 

synthesis of the ZMAE and zirconium molybdate (ZM) NPs, ammonium 

heptamolybdate tetrahydrate ((NH4)6Mo7O244H2O) and zirconium(IV) oxychloride 

octahydrate (ZrOCl28H2O) were used as reagents. The anion exchange resin used 

in this study was a macroporous strong base anion exchange resin with polystyrene-

divinylbenzene matrix (a Dowex™ Marathon™ MSA, 640 ± 50 μm). Prior to use, 

the resin was washed with hydrochloric acid solution, replacing the anionic form 

with chloride ion and then rinsed with ethanol for 24 h and dried at room temperature.  

 

 

3.1.1.2. Synthesis of the ZMAE adsorbent 

In this study, the ZMAE was fabricated with zirconium oxide embedded the AE 

(ZAE) for the comparison. To fabricate the ZMAE, 10 g of AE was added into 0.05 
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M of (NH4)6Mo7O24 solution with shaking for 6 h. This treated AE was immersed in 

0.2 M of ZrOCl2 solution (containing 5% of sodium chloride) with shaking for 24 h, 

in order to precipitate ZM NPs inside of the AE. This AE containing ZM NPs was 

washed by deionized water and ethanol. Finally, ZMAE was obtained after drying at 

50 – 55oC. 

The ZAE adsorbent only containing zirconium oxide not molybdate was 

synthesized, following the method reported in the previous studies [16, 17, 144]. The 

synthetic procedure similarly with the synthetic procedure of the ZMAE. The 

difference is that the hydrated zirconium oxide was precipitated with 5% NaOH 

solution instead of the immersing process into (NH4)6Mo7O24 solution. 

 

 

3.1.1.3. Analytical methods 

The content of Zr and Mo loaded in hybrid adsorbents (ZMAE and ZAE) were 

determined with ICP-AES after digesting with mixed acids (HCl, H2SO4, and 

HClO4).  

The morphology and surface characteristics of the ZMAE were analyzed with a 

scanning electron microscope (SEM, JSM-6700F, Jeol, Japan), high resolution 

transmission electron microscope (HR-TEM, JEM 3010, Jeol, Japan), high  

resolution  X-ray  diffractometer  (XRD, D8 Discover, Bruker, Germany), Fourier 

Transform Infrared Spectroscopy (FT-IR 200, Jasco, Japan) , and X-ray  
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photoelectron  spectroscope  (XPS, Sigma  Probe,  ThermoVG,  U.K.). The specific 

surface area and pore volume of the materials were measured with a BET analyzer 

(ASAP 2000, Micromeritics, USA). The pHpzc (point of zero charge) of the ZMAE 

was determined by the drift method [145].  
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3.1.2. Characterizations of the ZMAE 

Fig. 3-1 and Table 3-1 show the characterization of the ZMAE (HR-TEM (Fig. 

3-1a), FTIR spectra (Fig. 3-1b)). As shown in Fig. 3-1a and Table 3-1, the ZM NPs 

was successfully dispersing inside the structure of the AE with low agglomeration, 

and their size was estimated about 8.91.7 nm (N = 50 particles). The ZM NPs 

having a poor crystalline in nature and the higher BET surface area of the ZMAE 

than that of the pristine AE (Table 3-1) are presumed to be favorable to phosphate 

adsorption (Fig. S3-1a) [16, 99].  

The FTIR spectra of the ZMAE in contrast with the pristine AE shows some 

specific peaks characterizing zirconium molybdate embedded inside the ZMAE (Fig. 

3-1b). For example, the peaks at the region of 800 – 950 cm-1 indicate the presence 

of molybdate group of loaded NPs [144, 146].  

Also, the FTIR spectrum of the ZMAE was distinguished from the pristine AE 

by the peaks in range of 450 – 550 cm-1 indicating the stretching vibration of metal–

oxygen (Zr–O and Mo–O) [144, 147].  

The inherent characteristic of the quaternary ammonium functional in the AE 

support resin was observed in the vibration of the merging stretching hydrogen 

bonded hydroxyl groups and hydroxyl groups of adsorbed water ( 3500 – 3300 cm-

1), C–H peak (3,000 cm-1), and C=C peak (1,650 cm-1) [130, 148]. These results 

indicate that the ZMAE possesses not only the specific properties of the loaded ZM 

NPs but also the anion exchange properties of R4N+ functional groups in the AE. 
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Furthermore, the presence of zirconium and molybdenum in the ZMAE was 

confirmed by ICP-AES with their weight percent found to be 4.3 and 14.7%, 

respectively (Table 1) and by XPS spectra (Fig. S3-1b) with their oxidation states of 

Zr+4 and Mo+6, respectively. 

As shown in Fig. 3-1b, the structure of polymer matrix and functional group in 

the ZMAE appeared to be very similar with that of the pristine AE. However, the 

surface area of the ZMAE containing the ZM NPs inside of the AE was increased 

from 22.2 to 28.3 m2/g, which is explained by poor crystalline of the ZM NPs (Table 

3.1).   
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Fig. 3-1. Characteristics of the ZMAE: (a) HR-TEM image of the ZMAE showing 

zirconium molybdate nanoparticles (the ZM NPs, darker spots) dispersed in the AE 

support and (b) FTIR pattern of the ZMAE in comparison with the pristine AE.  
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Table 3-1. Summary of typical characteristics of the ZMAE in comparison with 

those of the pristine AE. 

Adsorbent ZMAE Pristine AE 

Matrix structure 
Poly(styrene-

divinylbenzene) 

Poly(styrene-

divinylbenzene) 

Functional group R-N+(CH3)3 R-N+(CH3)3 

BET surface area (m2/g) 28.3 22.2 

Average pore diameter (nm) 30.2 32.5 

Size of nanoparticle (nm) 8.91.7  

Metals content (% mass) 
Zr: 4.3 

Mo: 14.7 
 

Mol ratio of Zr: Mo 1: 3.2 0 
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3.2. Study of selective phosphate adsorption on the ZMAE 

3.2.1. Experiments and methods 

3.2.1.1. Phosphate analysis 

Phosphate concentration was analyzed by the molybdenum blue method with 

UV-Vis spectrometer (8453E UV/Vis, Agilent, USA) [149, 150]. The low 

concentration of phosphate was analyzed with an inductively coupled plasma – mass 

spectrometer (ICP-MS, Varian 820-MS, Varian, Australia). 

 

 

3.2.1.2. Batch adsorption 

Phosphate adsorption isotherm experiments with the ZMAE (0.5 g/L) were 

carried out in batch mode with shaking glass bottle (100 ml) containing 50 mL of 

phosphate solution (5 – 50 mg/L of P-PO4) at initial pH 5.5 for 24 h (25oC) and 

compared with the ZAE and the pristine AE. These experiments were conducted in 

the absence and presence of excess sulfate ion (5 mM).  

Kinetic study with ZMAE (0.5 g/L) in the absence and presence of high sulfate 

(5 mM) was performed in phosphate solution (10 mg/L of P-PO4 (0.31 mM), 200 

mL) and compared with the pristine AE. At the predetermined time, 0.5 – 1.5 mL of 

this solution was withdrawn for measuring phosphate concentration.  
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To examine the pH effect for phosphate adsorption of the ZMAE, pH varied 

from 2 to 11. For maintaining pH, diluted solution of NaOH (or HCl) was added to 

batch at every 10-30 min. 

 

 

3.2.1.3. Determination of selectivity coefficient of ZMAE 

Selectivity of the ZMAE (0.5 g/L) toward phosphate ion relative to sulfate ion 

was examined in a mixed solutions of equal concentration of phosphate and sulfate 

ions at three different conditions (0.25, 0.75, and 2.0 mM) at pH 5 for 24 h 

(equilibrium condition) and compared with that of the pristine AE.  

The selectivity coefficient (SPO4/SO4) for either the ZMAE or the pristine AE was 

defined as a ratio of distribution coefficients of two respective ions between the 

solution and the adsorbent [151, 152].  

����/��� =
����
����

 

where DPO4 or DSO4 (L of solution/g of adsorbent) is the distribution coefficient of 

phosphate or sulfate ion, respectively. The distribution coefficient (D) was defined 

as the following equation: 

���� =
������

������
  or  ���� =

������

������
 

where qe (mmol/g) and Ce (mmol/L) are the adsorption capacity and 

concentration of phosphate or sulfate in the equilibrated solution, respectively.  

  



56 
 

3.2.1.4. Quantitative determination of the phosphate selectivity of the ZMAE 

In order to evaluate the contribution of the ZM NPs to the selectivity of the ZMAE, 

the phosphate capacity of two different sites within the ZMAE ((i) the quaternary 

ammonium groups (R4N+) of the supported AE and (ii) the ZM NPs) were obtained 

in following ways separately with the assumption that the ZMAE have only these 

two different types of sites toward phosphate (TEM image in Fig. 3-1a).  

Firstly, the ion exchange capacity (IEC, meq/g of dried resin) of the pristine AE 

and the supported AE in the ZMAE were measured by a conventional titration 

method under chloride from for the determining the number of R4N
+ groups [153]. 

Assuming that the ion exchange behavior of the R4N+ of the AE resin inside the 

ZMAE is identical with that of the pristine AE resin, the fraction of the number of 

R4N
+ functional groups of the AE inside the ZMAE over the pristine AE resin (f) 

(the mass fraction of the AE inside the ZMAE) was obtained from Equation (1). Note 

that the chloride adsorption on the ZM NPs was negligible (refer to Figure S3-2). 

Secondly, the maximum phosphate capacity of the ZM NPs inside the ZMAE 

(q�����	(��	����)) was estimated by subtracting the maximum phosphate capacity 

of the ZMAE (q������) from the maximum phosphate capacity of the AE inside 

the ZMAE ( 	q����	(��	����)) in Equation (2). These values q�����	(��	����), 

q������, and q����	(��	����) were obtained the values calculated from Langmuir 

isotherm model. 

� =	
���	��	����

���	��	��������	��
     (1) 
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q������ = q�����	(��	����)+ q����	(��	����) (2) 

where,  

● f: the fraction of the number of R4N
+ functional groups of the ZMAE and the 

pristine AE  

● IEC of the ZMAE: ion exchange capacity of ZMAE (meq/g) 

● IEC of the pristine AE: ion exchange capacity of ZMAE (meq/g) 

● qm-ZMAE: the maximum phosphate capacity of the ZMAE �
��	��	�

�	��	����
�  

● qm-NPs (in ZMAE) and qm-AE (in ZMAE): the maximum phosphate capacity of the ZM 

NPs and supported AE in the ZMAE �
��	��	�

�	��	����
�, respectively.  

The qm-NPs (in ZMAE) can be obtained from Equation (2) since the qm-ZMAE can be 

determined experimentally.  

On the other hand, in the presence of excess sulfate, their maximum phosphate 

capacity of the AE in ZMAE can be estimated from Equation (3). 

�����	(��	����)=  ������� - ������	(��	����) (3) 

where, the additional “*” denotes ( ������� , ������	(��	����)  and 

�����	(��	����)) were defined for the condition of excessive SO4, respectively. The 

value of q*
m-ZMAE (mg P/g ZMAE) was obtained by experiments.  
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3.2.1.5. Stability study of the ZMAE 

In order to evaluate the stability of the ZMAE, concentrations of zirconium and 

molybdenum species which were leaked out from the ZMAE were measured in 

comparison with that of bare ZM NPs. For the stability test, the solution containing 

1 g/L of the adsorbents was stirred for 48 h, varying pH range from 1 to 13. Then, 

the filtered supernatant solution was used for measuring zirconium and molybdenum 

concentration by ICP-AES. Note that the solution pH was maintained during the 

experiment. 

 

 

3.2.1.6. Application of the ZMAE to Synthetic Water  

To examine the feasibility of the ZMAE for practical application, the experiments 

of batch adsorption were conducted with two simulated acidic water (Mekong River) 

and wastewater (a typical effluent wastewater) with presence of phosphate and other 

coexisting ions, respectively.  

The composition of Mekong River was as follows: 50 mg/L of Cl-, 150 mg/L of 

CO3
-, and 70 mg/L of SO4

2- as competing ions, and 10 mg/L of P-PO4 at pH 4.5 [40]. 

The typical effluent wastewater with excess presence of phosphate was as follows: 

150 mg/L of Cl-, 150 mg/L of CO3
- and 200 mg/L of SO4

2- with 10 mg/L of P-PO4 

at pH 4.5 [100]. 
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In addition, fixed-bed column experiment was conducted with a glass column 

(12x50 mm in diameter and length) packed the ZMAE (5 mL) at constant 

temperature (25oC). The composition of feed water was as follows: phosphate (2.0 

mg/L of P-PO4) and other co-existing anions (110 mg/L of Cl-
, total carbonate 160 

mg/L as CaCO3, and 120 mg/L of SO4
2- at pH 4.3 – 4.4) with the constant flow rate 

of 1.25 mL/mim (the empty bed contact time (EBCT) = 4 min). 
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3.2.2. Results and discussion 

3.2.2.1. Selective phosphate adsorption of the ZMAE 

Effective phosphate adsorption of the ZMAE  

Fig. 3-2 shows the phosphate adsorption performance of the ZMAE in 

comparison with the pristine AE in terms of kinetic behavior (a), adsorption isotherm 

(b), and the effect of competing ion concentration (5 mM of sulfate) (c). As shown 

in Fig. 3-2a, in the absence of competing ion (sulfate ion), the difference of 

phosphate uptake between the ZMAE and the pristine AE is not much (64% removal 

for the ZMAE and 62% removal for the AE at 90 min). One difference is that the 

phosphate uptake of the ZMAE steadily occurred even up to 9 h, whereas the pristine 

AE was quickly reached to equilibrium. On the other hand, in the presence of excess 

sulfate ion (5 mM), the phosphate uptake of the pristine AE became negligible even 

after 9 h (3% removal), possibly due to the interfering effect from the presence of 

excess competing ion (sulfate ion, 5 mM) [138], whereas the ZMAE exhibited still 

much higher phosphate uptake capability (48% removal at 9 h). As a result, the 

ZMAE showed not only the higher phosphate removal efficiency in the absence of 

sulfate ion but also selective property in the presence of sulfate ion comparing with 

the performance of the AE. 

Fig. 3-2b displays the phosphate adsorption isotherm of the ZMAE in comparison 

with the pristine AE. For whole range of phosphate concentration in Fig. 3-2b, the 

phosphate adsorption of the ZMAE was higher than that of the pristine AE regardless 
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of the presence of excess sulfate, as expected from the result of Fig. 3-2a. However, 

these difference between the ZMAE and the AE became more drastically in the 

presence of excess sulfate since phosphate adsorption of AE becomes negligible in 

the presence of sulfate. For example, the maximum adsorption capacity (qm) values 

(obtained by Langmuir isotherm model) show that in case of the ZMAE, the qm was 

decreased by 38%, (from 42.2 to 26.1 mg-P/g) in the presence of excess sulfate, 

however, the qm of the pristine AE was significantly diminished by 96% (from 43.1 

to 1.8 mg-P/g).  

Fig. 3-2c shows the phosphate adsorption with respect to increasing sulfate 

concentration. A distinct phosphate uptake behavior between the ZMAE and pristine 

AE was observed with increasing concentration of sulfate. The ZMAE exhibited that 

its efficiency was decreased slowly with increasing sulfate concentration and 

maintained about 55% of removal even at extremely high concentration of sulfate. 

In contrast to the behavior of the ZMAE, the phosphate removal of the pristine AE 

was quickly dropped to almost zero.   
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Fig. 3-2. Phosphate adsorption of the ZMAE compared with the pristine AE: (a) 

Phosphate uptake with time contact up to 9 h ([P-PO4] = 10 mg/L, [adsorbent] = 0.5 

g/L, [SO4
2-] = 480 mg/L (5 mM), initial pH=5.5 at 25℃); (b) Equilibrium adsorption 

([adsorbent] = 0.5 g/L, [SO4
2-] = 480 mg/L (5 mM), initial pH=5.5 at 25℃, 24 h); 

and (c) Effect of sulfate concentration ([P-PO4] = 6.2 mg/L (0.2 mM), initial pH=5.5 

at 25℃, 24 h).  
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Selectivity coefficient of phosphate ion relative to sulfate ion 

Table 3-2 shows the distribution coefficients of phosphate and sulfate (DPO4 and 

DSO4) and the selectivity coefficients of the ZMAE for phosphate removal over 

sulfate (SPO4/SO4) of ZMAE in comparison with the pristine AE, which were 

examined in the mixed solution of identical concentrations of phosphate and sulfate 

at pH 5 for 24 h (equilibrium condition). As shown in Table 3-2, DPO4 of the ZMAE 

was much higher than DSO4 regardless their initial concentrations, indicating that the 

phosphate adsorption of phosphate was much more favorable than sulfate adsorption. 

Furthermore, the difference between DSO4 and DPO4 was getting larger with 

increasing concentrations. Consequently, SPO4/SO4 of the ZMAE was much higher 

than that of the pristine AE at three different conditions, which means the ZMAE 

had a selectivity for phosphate ion over sulfate ion. This implies that the ZMAE 

could be applied for separation and concentration of phosphate in sulfate mixed 

aqueous systems. Therefore, this result of selectivity compared between the ZMAE 

and pristine AE is experimentally explain the great performance of the ZMAE 

toward phosphate ion against with excessive sulfate ion as shown in Fig. 3-2.  
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Table 3-2. Selectivity coefficients (S) and distribution (D) of the ZMAE for 

phosphate adsorption over sulfate at equilibrium in comparison with the pristine AE. 

Adsorbents 
C0 

(mM) 
SPO4/SO4 

DPO4 

(L/g) 

DSO4 

(L/g) 

qe-SO4 

(mmol/g) 

qe-PO4 

(mmol/g) 

ZMAE 

0.25 7.0 10.9 1.56 0.219 0.425 

0.75 4.7 2.27 0.47 0.290 0.796 

2.0 4.6 0.91 0.19 0.358 1.248 

Pristine AE 

0.25 0.086 4.18 48.4 0.479 0.431 

0.75 0.012 0.17 14.1 1.314 0.120 

2.0 0.038 0.045 1.17 1.474 0.088 

C0: Initial concentration of phosphate and sulfate ion (mM) 

SPO4/SO4 =
����

����
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Chemical characterization for selective phosphate adsorption of the ZMAE 

Fig. 3-3 & 3-4 show the results of the XPS and FTIR analysis regarding the 

adsorption characteristics for selective phosphate removal, respectively. Fig. 3-3 

presents the change of O1s and P2p XPS spectra of the ZMAE in terms of phosphate 

adsorption, showing a specific interaction between the loaded ZM NPs and 

phosphate ion.  

As shown in Fig. 3-3a, the change in quantity of two overlapped peaks of the O1s 

XPS spectra at 531.9 and 530.5 eV corresponding to oxide oxygen (O2-) and 

hydroxyl group (–OH) after the phosphate adsorption  reveals a new bonding 

formation of the surface ZM NPs resulting from the interaction with phosphate 

species [9]. The initial content of –OH peak in O1s total peak was dropped after 

reacting with phosphate, corresponding to the relative increase of O2- peak content. 

This change of O1s spectra means that the hydroxyl surface group of the ZM NPs in 

the hybrid is replaced by phosphate group during the adsorption process. On the 

other hand, the P2p XPS spectra of the ZMAE after the phosphate adsorption (Fig. 

3-3b) appeared two main peaks at 133.8 and 132.8 eV corresponding to P5+ state, as 

a result of phosphate adsorption on the ZMAE which indicates that the specific 

interaction between phosphate and the surface of the ZM NPs [92, 154].  
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Fig. 3-3. O1s (a) and P2p (b) XPS spectra of the ZMAE in comparison between 

before and after phosphate adsorption.  
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Fig. 3-4 shows the FTIR spectra of the ZMAE in terms of phosphate adsorption. 

For example, as shown in Fig. 3-4, the adsorption of phosphate produces the slightly 

negative shift of stretching vibration of the molybdate component from the region of 

800 – 946 cm-1 to 750 – 930 cm-1, possibly resulting from a specific interaction 

between phosphate ion and molybdate component of the ZMAE forming a complex 

of phosphomolybdate [155, 156].  

In addition, a new broad and intensive peak was observed at  = 1052 cm-1, 

indicating the asymmetry vibration of P–O bond of adsorbed phosphate after the 

phosphate adsorption [9]. The appearance of this peak confirms the certain surface 

adsorption of phosphate on the loaded NPs [9, 92] as demonstrated in the XPS 

analysis (Fig. 3-3).   
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Fig. 3-4. FTIR spectra of the ZMAE in comparison between before and after the 

phosphate adsorption. 
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In addition to the specific interaction between phosphate and the ZM NPs of the 

ZMAE, the contribution of the ZM NPs to phosphate adsorption was observed also 

in aspect of kinetic (Fig. S3-3 and Table S3-1). Kinetic adsorption of phosphate on 

the ZMAE shows the diffusion mechanisms of phosphate consisting of two steps: (i) 

external surface diffusion (fast rate) where phosphate ion fast diffused and adsorbed 

to specific sites at the surface and (ii) intra-particle diffusion to the blocked space by 

NPs (low rate), supported by their diffusion rate (k1d = 1.41 mg.g-1.min-1/2 and k2d = 

0.27 mg.g-1.min-1/2) (Fig. S3-3 and Table S3-1) [11, 17, 45]. In addition, the k2d value 

of intra-particle diffusion seems to not be affected by the excess sulfate ion that was 

well consistent with the excellent selectivity loading NPs as of the discussed above.  
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3.2.2.2. Interpretation of the phosphate selectivity of the ZMAE   

Fig. 3-5 shows the phosphate adsorption capacity distribution of the ZMAE 

compared with the pristine AE with or without the excessive sulfate. The maximum 

phosphate capacities of the pristine AE for each condition were already mentioned 

in Fig. 2 (qm-AE = 43.1 mg P/g and q*
m-AE = 1.8 mg P/g). As following the procedure 

described in the experimental section, the f value (Eq. (1)) was calculated as 0.56 (q 

R4N+ (in AE) = 3.42 meq/g, q R4N+ (in ZMAE) = 1.92 meq/g). From this, the supported AE 

of the ZMAE occupied around 56 wt% of the ZMAE, which has a phosphate capacity 

(qm-AE (in ZMAE)) as 24.1 mg P/g. Therefore, the qm- NPs (in ZMAE) was estimated as 18.1 

mg P/g which was 43% of qm-ZMAE. In similar approach, the q*
m-NPs (in ZMAE) and q*

m-

AE (in ZMAE) was calculated and found to be 25.1 and 1.0 mg P/g, respectively. 

Consequently, the ZM NPs can occupy about 96% of the selective adsorption 

capacity of the ZMAE. 

It is interesting to note that the q*
m-NPs (in ZMAE) (25.1 mg P/g) in case of presence 

of sulfate ion was higher than the qm- NPs (in ZMAE) (25.1 mg P/g) in the absence of 

sulfate, even though the presence of sulfate ion was expected to reduce the 

adsorption efficiency of the ZMAE. This enhancement could be explained by that 

the excellent selectivity of the loaded ZM NPs toward phosphate ion (Fig. S3-4) 

could produce high density of phosphate surrounding which could permit the 

retention of phosphate ion in the supported AE inside the ZMAE by electrostatic 

interaction. This role of enhancement selectivity was consistent with the result in Fig. 

3.2-c, where the role of supported AE to phosphate adsorption was slowly decreased 
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with further increasing sulfate concentration over the ratio [SO4]/[PO4] of 10/1. The 

result infers the synergetic effect between the ZM NPs and the functional groups of 

the supported resin, resulting in the enhanced selective adsorption of phosphate 

although the further study will be required for exact explanation. 

Furthermore, in the comparison between the ZMAE (4.3% Zr and 14.7% Mo) and 

ZAE (4.9 % of Zr and 0% of Mo), the ZMAE displayed much less decline of 

phosphate adsorption capacity under the presence of sulfate ion, which means the 

Mo species of ZM NPs showed high selective property rather than Zr species under 

the equilibrium phosphate adsorption condition (refer to Fig. S3-5).   
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Fig. 3-5. The distributions of phosphate adsorption capacity for the ZMAE and the 

pristine AE with and without effect of sulfate (5 mM): The phosphate adsorption 

capacity of the ZM NPs (the zirconium molybdate nanoparticles,  blue) and that of 

the quaternary ammonium functional group (R4N+) of polymer matrix (gray).  
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3.2.2.3. Effect of pH to the stability and phosphate adsorption of the ZMAE  

Fig. 3-6 shows the pH effect on the stability and the phosphate adsorption of the 

ZMAE as the initial pH was maintained. As shown Fig. 3-6a, the release of Zr 

appeared to be negligible in a whole range of investigated pH, whereas the release 

of molybdenum became significant beyond pH 6, limiting the utilization of the 

ZMAE at higher pH more than 6. For example, the %release of molybdenum was 

found around 2.8% at pH 7 and 45.2% at pH 13, respectively. However, the release 

of Mo from the ZMAE at high pH was much lower than that of the ZM NPs (without 

supported resin) (Fig. S3-6). Therefore, the ZMAE should be proceeded at slightly 

acidic pH for the stability issue and also for achieving the maximum adsorption 

performance. 

 As the result of phosphate adsorption on the ZMAE (Fig. 3-6b), the phosphate 

adsorption capacity appears to be quite dependent upon pH conditions. The 

phosphate adsorption capacity is low at acidic condition of pH 2, whereas that 

maintained high around pH 3-5 and decrease again beyond pH 6. The specific 

reaction between phosphate and ZM NPs inside the ZMAE was playing a dominant 

role of a phosphate removal because phosphate ion has a neutral form at pH 2 (pka1 

= 2.15). The high capacity in the range of pH 3~5 is explained by that the increased 

number of monovalent phosphate anions, H2PO�
�, (pka1 and pKa2 of phosphoric acid 

are 2.15 and 7.20, respectively [157]), leading to the enhanced electrostatic attraction 

between phosphate and R4N
+ functional groups of the ZMAE with the favorable 

complexation of molybdate and phosphate at lower pH condition [107, 158]. Similar 
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effect of pH was also observed in previous studies for adsorption of phosphate on 

only zirconium oxide NPs [9, 157]. Meanwhile, phosphate capacity was decreased 

as pH increased over than 5 even though the amount of the negatively charged 

phosphate was increased due to unfavorable complexation reaction. 

  



75 
 

 

Fig. 3-6. Effect of pH to the phosphate adsorption and the stability of the ZMAE. 

For the phosphate adsorption: [P-PO4] = 10 mg/L, [adsorbent] = 0.5 g/L, 4.5 h. For 

the stability test: [adsorbent] = 1 g/L, 24 h. Note that the solution pH was maintained 

during the reaction.  
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3.2.2.4. Application of the ZMAE for phosphate removal in synthetic water 

The batch and column adsorption experiments in slightly acidic pH were carried 

out to examine the feasibility of the ZMAE for potential application, and presented 

in comparison with the pristine AE (Fig. 3-7). 

As shown in Fig. 3-7a, the ZMAE exhibited the excellent effective removal of 

phosphate for all cases with maintaining phosphate adsorption performance in 

comparison with the pristine AE. The qe values of the ZMAE were about 15 and 13 

mg P/g for the synthetic Mekong river water and effluent wastewater, respectively; 

however, the pristine AE seem to be failed for removal of phosphate. If Fig. 3-2 

shows the selectivity of the ZMAE toward phosphate ion with the effect of only 

sulfate ion, the Fig. 3-7a exhibits capability of potential application of the ZMAE in 

selective removal of phosphate in effect of multi-anions commonly occurring in 

water/wastewater. 

The column run of the ZMAE by feeding a synthetic water was conducted and 

presented with the results of the pristine AE for the comparison in Fig. 3-7b. 

Obviously, ZMAE showed an extremely effective removal of phosphate compared 

with the pristine AE. For instance, ZMAE can achieved about 4400 BVs of total 

volume of effective treatment (below the allowance of phosphate concentration of 

discharging water (0.5 mgP-PO4/L)), whereas only about 70 BVs was achieved for 

the pristine AE. 

These results promise a potential of the ZMAE for field application of selective 

treatment of phosphate from various waters.   
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Fig. 3-7. Phosphate removal of ZMAE compared with pristine AE: (a) Batch 

experiment using synthetic water modelled to Mekong river water ([Cl-] = 50 mg/L, 

[HCO3
-] = 150 mg/L and [SO4

2-] = 70 mg/L) and effluent wastewater ([Cl-] = [HCO3
-] 

= 150 mg/L and [SO4
2-] = 200 mg/L) at pH 4.5 ([P-PO4] = 10 mg/L, [adsorbent] = 

0.5 g/L, 24 h); (b) Fixed bed column experiment using synthetic water (EBCT 

(empty bed contact time) 4 mL, [P-PO4] = 2.0 mg/L, [SO4
2-] = 120 mg/L, [Cl-] 110 

mg/L, total carbonate 100 mg/L as CaCO3, pH 4.3 – 4.4). 
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3.2.3. Conclusion  

It was successfully fabricated a hybrid ZMAE, which is nanoscale zirconium 

molybdate embedded a commercial macroporous anion exchange resin. The ZMAE 

showed excellent selectivity toward phosphate, which much superior to that of the 

ZAE or pristine AE, supported by specific interaction of phosphate and molybdate 

component of the loaded ZM NPs. Although the pristine AE exhibited only 4% of 

for selective removal of phosphate in presence of excessive sulfate, the selective 

adsorption of phosphate on the ZMAE can achieved up to 62% of the capacity, which 

was supported with the selectivity coefficient of the ZMAE toward phosphate ion 

relative to sulfate ion about 100 times higher than the pristine AE. The ZM NPs 

played in a key role of determining the selectivity of the ZMAE (69–96% of selective 

capacity). Application of the ZMAE for removal of phosphate from synthetic water 

showed a great potential of treatment with over 4400 BVs of effective treatment 

capacity (from 2 mg/L P-PO4 to below 0.5 mg/L P-PO4), whereas that of the pristine 

AE was even lower than 70 BVs.   
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3.3. Study of selective arsenic adsorption on the ZMAE  

3.3.1. Experiments and methods 

3.3.1.1. Synthesis of the ZMAE adsorbent 

The ZMAE was fabricated as the procedure described in the part 3.1.1.2. After 

the reaction with ZrOCl2 solution step, the resultant resin was air dried instead of 

directly washed with water/ethanol as the procedure in part 3.1.1.2 in order to 

increase the loaded zirconium content. As the result, the weight percentage of Zr and 

Mo were found to be 7. 1 and 11.6 %, respectively. The characteristics of the ZMAE 

in this part showed the similar results with the part 3.1.2 (data not shown). 

 

3.3.1.2. Analytical method 

The arsenic concentration was determined by the molybdenum blue method 

measured by UV/Vis spectrometer (Agilent 8453, Agilent, America) [150].  Trace 

arsenic concentration was analyzed by an inductively coupled plasma – mass 

spectrometer (ICP-MS, Varian 820-MS, Varian, Australia). Other analysis for 

characterizing the ZMAE was described in part 3.1.3. 
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3.3.1.3. Batch adsorption experiments 

Effect of pH to the arsenic adsorption of the ZMAE was conducted at the pH 

range of 3 and 11 in shaking 50 mL plastic tubes containing 40 mL solution of As(V) 

(10 mg/L) and adsorbent (0.5 g/L) (in NaCl 1 mM matrix) at 25oC for about 6 h. The 

solution pH was adjusted using diluted solution of NaOH and HCl.  

Arsenic adsorption isotherm of the ZMAE (0.5 mg/L) was carried out with 

varying the concentration of arsenic from 10 to 60 mg/L at initial pH about 6.0 for 

24 h and compared with the ZAE and pristine AE. The experiments were performed 

in the absence and presence of excessive sulfate ion (5 mM).  

Effect of coexisting ions concentration to the As(V) adsorption of the ZMAE 

compared with pristine AE were evaluated using two typical momo- and di-valent 

anions, nitrate and sulfate ions, at  initial pH about 6.0. The concentration of nitrate 

and sulfate ions were increased from 0 to 100 mM.  

For adsorption kinetic, every 0.5 – 1.5 mL of 200 mL adsorption solution 

(containing 10 mg/L of As(V) and 0.5 g/L adsorbent) in the absence and presence of 

high sulfate concentration were withdrawn at a selected interval of time for the 

analysis of adsorbed arsenic.  
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3.3.1.4. Interpretation procedure of the selective arsenic adsorption of the ZMAE 

Following to the assumption and calculation in part 3.2.1.4, the maximum arsenic 

capacity of the ZM NPs (q�����	(��	����)) and the supported AE(	q����	(��	����))  

in the ZMAE as well as their capacities in presence of excessive sulfate ion 

(������	(��	����) and �����	(��	����)) were calculated as following equations: 

 

� =	
���	��	����

���	��	��������	��
     (1) 

q������ = q�����	(��	����)+ q����	(��	����) (2) 

�����	(��	����)=  ������� - ������	(��	����)           (3) 

 

 

3.3.1.5. Fixed-bed column experiments 

The column adsorption experiment was conducted in a glass column (10 mm x 

150 mm) packed with 5 mL of ZMAE. The pristine AE was also involved for 

comparison. Synthetic water containing 0.1 mg/L of As(V) and other anions (120 

mg/L of SO4
2-, 120 mg/L of Cl-, 150 mg/L of HCO3

- and 12 mg/L of NO3
-) was 

pumped down through the column with the constant flow rate of 1.25 mL/min (the 

empty bed contact time (EBCT) = 4 min) at 25oC. The synthesis water was acidified 

to pH about 4.5 in order to satisfy the working pH of the ZMAE.   
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3.3.2. Results and discussion 

3.3.2.1. Enhanced arsenic adsorption of the ZMAE  

Selective adsorption of arsenic 

The selective adsorption of arsenic on the ZMAE was examined in presence of 

two representative coexisting ions (mono- and di-valent anions) in water, nitrate ad 

sulfate ions. Fig. 3-8 shows the effect of increasing concentration of nitrate and 

sulfate to the As(V) adsorption on ZMAE compared with the pristine AE. As shown, 

the arsenic removal of ZMAE was slowly decreased as linearly increasing either 

nitrate or sulfate ion. Meanwhile, the arsenic adsorption of the pristine AE was 

quickly dropped to zero corresponding to the increase of the competing anions. For 

example, the efficiency of the ZMAE seems to be retained up to the ratio [SO4
2-]/[As] 

or [NO3
-]/[As] of 150/1, whereas that of the pristine AE was almost lost at the ratio 

[SO4
2-]/[As] of 15:1 and [NO3

-]/[As] of 150/1, respectively. It is clearly seen that the 

much larger effect of sulfate than nitrate to the As(V) adsorption on the pristine AE 

was almost compensated for the case of the ZMAE, which could be due to the ZM 

NPs attributing to the specific interaction toward arsenate ion but not nitrate nor 

sulfate. These results indicate the great enhancement of selective adsorption of the 

ZMAE toward arsenic compared with pristine AE.  
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Fig. 3-8. Effect of competing ions to equilibrium As(V) adsorption on the ZMAE 

compared with pristine AE. [As(V)] 10 mg/L, adsorbent dose 0.5 g/L, pH 6.0, 25 oC, 

24 h. 
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Equilibrium study: Role of loaded zirconium molybdate NPs 

Fig. 3-9 shows the As(V) adsorption of the ZMAE at equilibrium condition (24 

h) in comparison with the ZAE (8.2% Zr and 0% Mo) and pristine AE in absence 

and presence of excessive sulfate (5 mM), respectively. As the results, the ZMAE 

exhibited in similar adsorption capacity with the ZAE and pristine AE in the single 

arsenate solution. Nevertheless, in the presence of excessive sulfate ion, the distinct 

performance among the adsorbents became drastically due to the negligible 

adsorption of arsenic on AE. Indeed, the ZMAE exhibited much higher adsorption 

capacity than the ZAE in the whole range of investigated arsenic concentration.  

The adsorption data of three adsorbents were examined to both Langmuir and 

Freundlich isotherm non-linear models and their parameters were summarized in 

Table 3-3. As the results, the Freundlich model well demonstrated the isotherm 

adsorption of arsenic on three adsorbents in the absence of sulfate (R2 > 0.99), which 

was possible due to the heterogeneous property of the adsorbents. The larger affinity 

KF value of both hybrid ZMAE and ZAE than pristine AE confirms the important 

role of loading NPs in enhanced specific affinity toward arsenic. On the other hand, 

in the presence of excessive sulfate ion, the Langmuir model (R2  0.99) was better 

than Freundlich model (R2 < 0.99) to demonstrate the adsorption of arsenic, which 

relies on the monolayer adsorption of arsenic on the loaded NPs due to the negligible 

adsorption of arsenic on the AE. In fact, the maximum capacity of selective arsenic 

adsorption calculated by the Langmuir equation for the ZMAE (47.6 mg/g) was more 
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than two times higher than the ZAE (20.1 mg/g), which means that the Mo species 

of ZM NPs showed high selective property rather than Zr species under the 

equilibrium arsenic adsorption condition. Thus, the role of Mo species of ZM NPs 

toward arsenic adsorption seems to be similar to the case of phosphate adsorption 

described in the part 3.2. 
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Fig. 3-9. Comparison of arsenic equilibrium adsorption among adsorbents ZMAE, 

ZAE and pristine AE) in absence and presence of sulfate ion. Adsorbent dose 0.5 

g/L, [SO4] 500 mg/L, pH 6, 25 oC, 24 h. 
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Table 3-3. Langmuir and Freundlich isotherm parameters for As(V) adsorption of 

nanoscale zirconium molybdate embedded anion exchange resin (ZMAE) compared 

with nanoscale zirconium oxide embedded anion exchange resin (ZAE) and pristine 

anion exchange resin (pristine AE). 

 ZMAE  ZAE  Pristine AE 

w/o SO4 w/ SO4 w/o SO4 w/ SO4  w/o SO4 w/ SO4 

Langmuir         

qm (mg/g) 76.6 47.6  75.1 20.7  78.8 6.96 

KL (L/mg) 2.27 0.20  3.09 0.278  1.24 0.012 

R2 0.880 0.990  0.855 0.996  0.926 0.966 

Freundlich         

KF (mg/g) (mg/L)-1/n 49.2 13.2  50.7 8.53  40.9 0.033 

1/n 0.172 0.348  0.158 0.236  0.279 1.42 

R2 0.996 0.988  0.997 0.960  0.998 0.996 
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Kinetic study 

Fig. 3-10 shows the uptake of As(V) on the ZMAE versus contact time compared 

with the pristine AE in the absence and presence of excessive sulfate ion. Be 

consistent with the results in Fig. 3-9, the arsenic uptake of the ZMAE showed 

clearly the role of ZM NPs for selective removal of arsenic. For instance, the ZMAE 

still significantly adsorbed in the effect of sulfate ion, which was in contrast with the 

pristine AE where almost without arsenic was adsorbed (Fig. 3-10b) although the 

pristine AE was effectively adsorb arsenic in free sulfate effect even faster 

adsorption rate than the ZMAE (Fig. 3-10a).  

The uptake of arsenic on the ZMAE compared with the pristine AE were 

examined to the first and second pseudo order models and their results were 

summarized in Table 3-4. As the results, both pseudo–first and pseudo–second order 

equations well expressed for the arsenic adsorption on both adsorbents, resulted by 

their high coefficient values (R2  0.99) and the consistent values of adsorption 

capacity (qe) between the theory and experiment. In details, the lower uptake of 

arsenic for ZMAE in generally was observed than for the pristine AE because the 

loaded NPs would inevitably prevent the diffusion of arsenic into the active pore-

sites of the host (Table 3-1) [11]. In addition, arsenic may require longer time to form 

complexation with the loaded NPs than ion exchange with the host. 

The diffusion of arsenic to ZMAE was found to be consisted of two steps of 

diffusion (Table 3-4): (i) the first step was proposed to the external surface 
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adsorption of arsenate ion that fast diffused to and adsorbed on the specific 

adsorption sites of the surface (kd1 = 1.66 mg/g.min-1/2); (ii) the second step was in 

lower rate relating intra-particle diffusion of arsenate to inner space of loading NPs 

(kd1 = 0.52 mg/g.min-1/2) [136]. Nevertheless, in the presence of sulfate ion, the 

diffusion of arsenic on the ZMAE seemed to be in one step of process, where the 

diffusion rate was equal to the second step of intra-particle diffusion rate in case of 

without effect of sulfate (0.51 and 0.52 mg/g.min-1/2, respectively), because the 

surface functional group of the supported AE was covered by sulfate ion.  
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Fig. 3-10. Comparison of uptake of arsenic versus time contact in absence and 

presence of sulfate ion between: (a) ZMAE and (b) pristine AE. [As(V)] 10 mg/L, 

adsorbent dose 0.5 g/L, [SO4] 5 mM (480 mg/L), pH 6, 25 oC, 24 h.  
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Table 3-4. Kinetic parameters of arsenic adsorption on nanoscale zirconium molybdate embedded anion exchange resin 

(ZMAE) compared with pristine anion exchange (AE) resin.  

Adsorbents 

qe 

(mg/g) 

exp. 

 Pseudo-first-order  Pseudo-second-order  Intra-particle diffusion model 

 k1x102 

(min) 

qe 

(mg/g) 
R2 

 k2x103 

(min) 

qe 

(mg/g) 
R2 

 k1d 

(mg/(g.min1/2)) 
R1

2 
k2d 

(mg/(g.min1/2)) 
R2

2 

ZMAEa 19.9  0.90 17.5 0.996  0.51 23.3 0.997  1.66 0.996 0.52 0.894 

ZMAEb 15.5  0.21 13.9 0.993  0.36 14.1 0.986  kd = 0.51 and R2 = 0.998 

Pristine AEa 19.9  2.59 19.9 0.996  1.03 24.2 0.997      

aIn the absence of sulfate 

bIn the presence of sulfate 5 mM 
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3.3.2.2. Interpretation of the arsenic selectivity of the ZMAE 

Fig. 3-11 shows the distribution of arsenic adsorption capacities within the 

ZMAE evaluated in the absence and presence of excess competing ion (sulfate ion) 

in comparison with the pristine AE. Note, the adsorption capacities of the pristine 

AE were drawn from the results of isotherm part. As shown, the maximum 

adsorption capacity of the ZM NPs ( ������	(��	����)) and supported AE 

(�����	(��	����)) of the ZMAE were found to be 32.5 and 44.1 mg/g, respectively. 

Thus, the ZM NPs and supported AE contributed about 43% and 57% of arsenic 

capacity of the ZMAE in the absence of sulfate ion, respectively. On the other hand, 

in the presence of excessive sulfate ion, the values ( � �����	(��	����)) and 

(� ����	(��	����)) were found to be 43.8 and 3.8 mg/g, respectively. Consequently, 

the ZM NPs could contributed up to 92% of the selective capacity of the ZMAE. 

In similar to the case of phosphate adsorption in part 3.2, the synergy between 

the ZM NPs and the supported AE in the ZMAE resulted in the enhancement of the 

selective adsorption of the ZM NPs (32.5 mg/g and 43.8 mg/g in the absence and 

presence of competing ion, respectively). Therefore, the ZM NPs not only exhibited 

itself excellent selectivity toward arsenic but also contributed to enhance the 

selective adsorption of the supported AE.  

Overall, the ZM NPs played in a key role of selective adsorption of the ZMAE 

toward arsenic, where it could contributed up to 92% of the selective capacity of the 

ZMAE, although the further researches will be required for exact explanation. 
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Fig. 3-11. Bar graph for schematizing the selective arsenic adsorption insights of the 

ZMAE compared with the pristine AE over excessive sulfate (5 mM). 
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3.3.2.3. Effect of pH to the arsenic adsorption 

Fig. 3-12 shows the effect of solution pH to the As(V) adsorption on ZMAE was 

examined in presence of chloride ion (5 mM). As shown, arsenic removal by ZMAE 

was optimal and stable in a wide range of pH from 3 to 9 but then, reduced at pH 11. 

This result indicates that the adsorption of arsenic on the ZMAE was independent to 

the charged level of arsenate anionic forms ((H2AsO4
- and HAsO4

2-). This pH 

dependence could be explained by that the specific reaction between arsenic and ZM 

NPs inside the ZMAE was playing a dominant role of a arsenic removal. Similar pH 

dependence was reported in separation of arsenic by flotation method using 

molybdate oxoanion [107].  
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Fig. 3-12. Effect of solution pH to arsenate adsorption on ZMAE. [As(V)] 10 mg/L, 

adsorbent dose 0.5 g/L, [Cl-] matrix 5 mM (178 mg/L), 5.5 h. 
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3.3.2.4. Fixed-bed column adsorption  

To access the possibility of potential application of the ZMAE for arsenic 

removal from water and groundwater, the column run of the ZMAE with a synthetic 

solution containing arsenic and other competing ions (Cl-, NO3
-, SO4

2-, HCO3
-) was 

conducted. Fig. 3-13 presents the adsorption profile of column test for the ZMAE 

compared with the pristine AE. The results show that the effective volume treatment 

of the ZMAE could achieved about 9300 BVs as the arsenic was reduced from 0.1 

mg/L to below 0.01 mg/L (the allowance of arsenic concentration in drinking water 

recommended by WHO), which was dramatically superior to that of the pristine AE 

(only about 300 BVs). The results promise potential application of the ZMAE for 

effective treatment of arsenic in polluted water.  
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Fig. 3-13. Column adsorption of the ZMAE compared with pristine AE for arsenic 

removal from synthetic water (EBCT 4 min, As(V) 0.1 mg/L, SO4
2- 120 mg/L, Cl- 

120 mg/L, NO3
- 12 mg/L, total carbonate 140 mg/L as CaCO3, pH  4.5). 
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3.3.3. Conclusion 

In this study, the ZMAE exhibited excellent selectivity toward arsenate ion in 

presence of competing anions (nitrate and sulfate), which superior to the ZAE or 

pristine AE. It was found that up to 62% capacity of the ZMAE served the selective 

adsorption of arsenate in presence of excessive sulfate ion which is attributed to the 

role of ZM NPs, whereas that of the pristine AE was only 8%. The selectivity insight 

of the ZMAE for arsenate ion was examined and schematized. The column 

adsorption of the ZMAE using synthetic water showed a great potential of the ZMAE 

for arsenic treatment in water and waste water, where the effective volume capacity 

can be achieved over 9000 BVs although the pristine AE showed only  300 BVs of 

effective treatment.  
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4. Synthesis of Hydrated Zirconium Oxide 

Embedded Anion Exchange Resin for Selective 

Removal of Phosphate  

4.1. Introduction 

As the results in part 3, the ZMAE showed excellent performances toward both 

phosphate and arsenate adsorption. However, as shown in Fig. 3-6, there was only 

the problem of the Mo leaching as the pH increased over than 6. Thus, the ZMAE 

should be suitable to conduct to treat slightly acidic wastewater, whereas a pre-

acidifying step is required for most of natural water/groundwater at neutral pH before 

the treatment [13]. It is, therefore, highly needed to develop a selective adsorbent for 

phosphate and arsenic removal which could be applied at neutral pH or higher.  

Recently, the hybrid hydrated zirconium oxide (without molybdate) embedded 

AE (ZAE) has been reported with high stability against with acid/base and organic 

substances [18]. Also, the ZAE showed compatible phosphate (and arsenic) 

adsorption efficiency to others [50]. As shown in literature, most of current studies 

have fabricated the ZAE by directly dispersing of zirconium salt (such as 

ZrOCl2·8H2O in acidic solution containing ethanol) within the AE matrix and follow 

with in situ precipitating zirconium hydroxide within resin using a solution of NaOH. 

This procedure has major challenge of loading zirconium due to the Donnan 
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exclusion between the fixed positively charged of the resin and the cationic form of 

[Zr4(OH)8(OH2)16]8+ [17, 18, 48, 159].  In order to achieve the ZAE with a desired 

Zr content, it is usually required multiple repetitive cycles of the synthesis procedure, 

which was well demonstrated in the US Patent 9120093 [19]. This certainly require 

time, cost and, consequently waste a lot of toxic chemicals.  

Furthermore, although the loaded HZO NPs was thought to have an important 

role for the selective adsorption of phosphate using this type of hybrid adsorbent, no 

systematic investigation how effect of loaded metal content to the adsorption 

performance and selectivity have been reported. Most studies approached at a certain 

content of Zr obtained in randomly obtained from the synthesis, whereas the 

selective adsorption of varying content of Zr in presence of co-existing anions were 

not considered. This leads to insufficiently understanding the selective insights this 

type of hybrid adsorbent for the development of an effective and cost consuming 

adsorbent for phosphate removal.   

Therefore, this study aims at introducing a new method for fabricating a similar 

hybrid ZAE with effectively dispersing zirconium ion into the AE matrix. A series 

of the ZAE adsorbents with different Zr content were fabricated and examined for 

the phosphate adsorption performance and selectivity. From this, the effect of Zr 

content to the selective adsorption of phosphate of the ZAE was examined using both 

batch and fixed-bed column experiments.  
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4.2. Experiments  

4.2.1. Materials and Chemicals 

Refer in part 3.1.1.1. 

 

 

4.2.2. Preparation of ZAE 

The method for fabrication of HZO embedded AE was well demonstrated in 

literature [17, 159]. However, based on this method, the precursor zirconium ion 

([Zr4(OH)8(OH2)16]8+) is hard to migrated into the AE because of the Donnan 

exclusion of fixed positively charged quaternary ammonium functional groups of the 

AE. Therefore, this part introduced a new approach for dispersing zirconium ion 

within the AE porous structure, which is a molybdate intermediate method (MIM). 

The fabrication of ZAE by the MIM comprises of three steps of process as follow. 

Firstly, 10 g AE was added into 100 mL of solution ammonium heptamolybdate 0.1 

M and continuously shaken for 4 h at 25oC for producing AE-molybdate 

intermediate beads. Secondly, the intermediate beads were introduced into 100 mL 

(containing 50% ethanol) of zirconyl oxychloride (20 g) for simultaneous in situ 

precipitation of zirconium molybdate NPs onto the pore surface of the resin which 

was recognized by developing cyan color for the beads. Finally, the zirconium 

molybdate NPs embedded AE was decomposed and simultaneous precipitated under 

zirconium hydroxide by contacting solution of NaOH-NaOH (5% in mass of each) 
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and follow with DI water/ethanol washed and air dried to obtain hybrid ZAE. Note 

that this method does not mean with endorsement of MSA resin, other anion 

exchange resins can be used for preparing this type of hybrid. 

In order to evaluate the molybdate intermediate method, the conventional 

method, called direct method (DM) (because the zirconium ion was directly loaded 

onto pore surface of the AE), was also involved for comparison [17]. This process 

of synthesis ZAE was similar with the above procedure but without the first step of 

loading molybdate oxoanion.  

 

 

4.2.3. Analytical methods 

Refer part 3.2.1.1 for the phosphate analysis and part 3.1.1.3 for other metals 

analysis as well as the characteristics analysis of the hybrid ZAE.  

The point of zero charge (pHpzc) of the ZAE was determined using the drift 

method [160]. 

 

 

4.2.4. Batch adsorption experiments 

Effect of sulfate ion to phosphate adsorption on the ZAE was carried out in 

shaking plastic tubes (50 mL) containing 40 mL of P-PO4 6.2 mg/L and ZAE (0.5 
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g/L) at pH about 7 for 24 h with varying the concentration of sulfate ion from 0–100 

mM. In addition, the phosphate adsorption in presence of multi-anions modelled to 

Mekong river water (Cl- 100 mg/L, NO3
- 12 mg/L, HCO3

- 120 mg/Land SO4
2- 120 

mg/L) was also examined [40]. The pristine AE was involved for comparison. 

Similar procedure was conducted for the isotherm study of phosphate adsorption on 

the ZAE compared with pristine AE with varying the amount of adsorbent added 

into solution in the absence and presence of excessive sulfate ion (5 mM). 

Kinetic of phosphate adsorption on the ZAE was performed in a 500 mL glass 

bottle containing 250 mL of P-PO4 10 mg/L and adsorbent 0.5 g/L at pH 7 in the 

absence and presence of excessive sulfate ion (5 mM). At every determined time, an 

aliquot (0.5 – 1.5 mL) was withdrawn for analyzing phosphate concentration.  

  

 

4.2.5. Fixed-Bed column experiments 

A synthetic water containing phosphate (2 mg-P/L) and four regular anions (SO4
2- 

120 mg/L, Cl - 100 mg/L, HCO3
- 120 mg/L and NO3

- 2 mg/L) was used as a feed 

solution for fixed-bed column test. The detail procedure was similar to the procedure 

described in part 3.2.1.6. After the adsorption, a binary solution NaOH–NaCl (5% 

of each, w/v) (ECBT = 25 min) was used for desorption of phosphate. The desorbed 

ZAE was then rinsed solution of NaCl 1% and DI water until the pH of effluent 

solution downed to neutral pH, which was ready for next adsorption.   
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4.3. Results and discussions 

4.3.1. Characteristics of the ZAE 

Fig. 4-1 shows the characteristics of the ZAE fabricated by the molybdate 

intermediate method: (a) SEM image, (b) HR-TEM image and (c) change of 

equilibrium pH profile. As shown in Fig. 4-1a&b, the SEM and TEM images, HZO 

particles in nano-size were successfully dispersing within the spherical structure of 

the AE. In addition, the clear surface of the ZAE in the SEM image infers that HZO 

NPs was effectively precipitated onto the pore surface of the AE rather than 

deposited on the surface of AE. The HZO NPs was poor crystalline in nature (Fig. 

S4-1), be consistent with literature [17], presumed to be favorable to phosphate 

adsorption. Fig. 4-1c shows the change in the pH of the ZAE at equilibrium in 

comparison between two synthetic methods (the MIM and DM). As shown, both 

hybrid adsorbents exhibited almost the same property of surface charges, expressed 

by their coincidental graph of pH change and their similar pHpzc values of 7.6. This 

pHpzc was found in similar value with previous report for HZO embedded AE [50]. 

In fact, the embedded HFO within AE has a higher value of pHpzc compared with the 

bare zirconium oxide (average value for pHpzc was reported about 6.5 [161]), 

inferring the highly referable interaction between HZO NPs with phosphate species 

at neutral pH value. These results indicate the successful fabrication of HZO 

embedded AE by the molybdate intermediate method, which showed almost the 



105 
 

same surface properties and crystalline structure with that of material from the 

previous method.    

 

  

 

Fig. 4-1. (a) SEM and (b) HR-TEM images of the ZAE fabricated by the molybdate 

intermediate method (MIM); and (c) The change of equilibrium pH of the ZAE 

compared between by the MIM and the direct method (DM).  
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Enhanced Zr content in ZAE 

Fig. 4-2 shows the Zr content found in the ZAE compared between the proposed 

method (MIM) and the conventional method (DM) with a certain number of 

repetitive cycles of the procedures. It is very interesting that the MIM showed much 

greater effective loading Zr than the DM. As shown, the weight% of Zr obtained 

from the MIM achieved up to 18% only after two cycles of synthetic procedure and 

the further repetitive cycles of synthesis seemed not change the weight% of Zr in the 

ZAE, whereas the DM exhibited much lower weight% of Zr at every certain cycles 

of the synthetic process even up to four cycles of the process. The great performance 

of the MIM for effective loading Zr within the AE could be explained by that the 

molybdate-loaded resin was simultaneous desorbed, reacted and in situ precipitated 

as zirconium molybdate complexes onto pore surface of the AE. In addition, the 

charged coupling molybdate oxoanion with fixed positively charged quaternary 

ammonium groups of the resin might lead to enhance the permeability of zirconium 

into the polymeric phase of the resin due to partly compensating the electrostatic 

repulsion to zirconium ion (Donnan exclusion), a big challenge of the conventional 

method [19, 50]. Therefore, the development of the MIM is here of significance to 

both a potential of advanced method for effective preparation of the adsorbent in 

reducing time, cost and used chemicals as well and an improvement of efficient and 

selective removal of phosphate from water. 
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4  

Fig. 4-2. Weight% of Zr found in the hybrid ZAE fabricated by the molybdate 

intermediate method (MIM) compared with that of the direct method (DM) after a 

certain cycles of synthetic process. 
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4.3.2. Phosphate adsorption: the role of Zr content 

In order to access the effect of Zr content to the efficient and selective removal 

of phosphate of ZAE, there adsorbents with different Zr contents (ZAE-1 (4.9% Zr), 

ZAE-2 (11.8% Zr) and ZAE-3 (17.4% Zr)) were selected and studied for the 

adsorption. The pristine AE (0% Zr) was also involved for comparison. 

 

 

4.3.2.1. Selective adsorption of phosphate 

Fig. 4-3 shows the selective removal of phosphate among different hybrids 

(ZAE-1, ZAE-2 and ZAE-3) compared with pristine AE with: (a) effect of sulfate 

concentration, (b) selective phosphate removal in presence of mixed common ions 

(SO4
2-, HCO3

-, Cl- and NO3
-) modelled to Mekong river water [40] and (c) uptake of 

phosphate against with time in absence and presence of excessive sulfate ion (5 mM). 

As shown in Fig. 4-3a, the efficient removal of phosphate on ZAE increased with 

the increase of Zr content in order AE < ZAE-1 < ZAE-2 < ZAE-3 corresponding to 

their increasing of %Zr (0%, 4.9%, 11.8% and 17.4%, respectively). It is pointed that 

the tendency of change of the removal efficiency in the increasing sulfate 

concentration seemed to be similar among adsorbents (three hybrids and pristine AE) 

regardless of  their different removal efficiencies due to the different Zr contents. 

Indeed, the phosphate removal of three hybrid adsorbents were dropped as increasing 

the molar ratio of [SO4]/[PO4] and quickly stabilized at ratio of [SO4]/[PO4] over 
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10/1, whereas that of the pristine AE was negligible at [SO4]/[PO4] over 10/1. These 

results indicate that the ZAE possesses of two types of separated adsorption sites: (i) 

the non-selective sites from fixed positively charged quaternary ammonium groups 

of the supported resin and (ii) the selective sites from HZO NPs. At the ratio of 

[SO4]/[PO4] over 10/1, sulfate ion can totally inhibit the adsorption of phosphate onto 

the supported resin, and thus, this selective adsorption of phosphate relies on the 

HZO NPs.  

Similar to Fig. 4-3a, the results in Fig. 4-3b reflexed the role of loading HZO 

NPs for effective removal of phosphate in the effect of multi anions (Cl-, NO3
-, 

HCO3
- and SO4

2-) modelled to Mekong river water condition. As the results, the 

removal efficiency can be retained for three hybrids of ZAE (ZAE-3, ZAE-2 and 

ZAE-1, > 90% of removal) but not for the pristine AE (only 10% removal). This 

result promises a high potential of the ZAE for selective removal of phosphate in 

real water.  

Fig. 4-3c shows the phosphate uptake against with time contact in comparison 

among the hybrid adsorbents (ZAE-3, ZAE-2, ZAE-1) and pristine AE in the 

absence and presence of excessive sulfate ion (5mM). As the results, in the absence 

of sulfate ion, there was not much different phosphate adsorption behavior among 

adsorbents, besides there hybrids of the ZAE show higher adsorption efficiency than 

the pristine AE (95 – 99% removal for three hybrids and 64% removal for pristine 

AE at 8 h). In fact, the uptake of phosphate on three hybrid still occurred up to 8 h 

of investigated time, while that of the pristine AE was quickly approached 
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equilibrium at about 2 h. On the other hand, in the presence of excessive sulfate (5 

mM), the pristine AE was powerless to adsorb phosphate ion, be consistent with the 

result of Fig. 4-3a [162]. Meanwhile, all the hybrids still adsorbed phosphate and the 

adsorption efficiency reflexed clearly the dependence to the Zr contents. 
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Fig. 4-3. Performance of phosphate adsorption among adsorbents (ZAE-1, ZAE-2 

and ZAE-3) compared with pristine AE: (a) effect of sulfate concentration (adsorbent 

dose 0.5 g/L, P-PO4 0.2 mM (6.2 mg/L), pH 7.0, 25oC, 24 h); (b) Effect of multi-

anions modelled to Mekong river water (adsorbent dose 0.5 g/L, P-PO4 2 mg/L, SO4 

120 mg/L, HCO3
- 120 mg/L, Cl- 100 mg/L, NO3

- 12 mg/L, pH 7.0, 25oC, 24 h); and 

(c) Uptake of phosphate against with time contact in with and without sulfate ion 

(adsorbent dose 0.5 g/L, P-PO4 10 mg/L, SO4 5 mM, pH 7.0, 25oC). 
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4.3.2.2. Isotherm adsorption study 

Fig. 4-4 depicts the comparison of phosphate adsorption at equilibrium among 

hybrids (ZAE-1, ZAE-2 and ZAE-3) and pristine AE and their fitting to Freundlich 

isotherm model in absence and presence of sulfate ion (5 mM). As shown in Fig. 4-

4a, the phosphate adsorption in single phosphate solution of ZAE-1, ZAE-2 and 

ZAE-3 were not much difference but were higher than that of the pristine AE. It 

could be due to the HZO NPs inside the AE support enhanced phosphate adsorption 

efficiency.  

On the other hand, the effective adsorption of phosphate at equilibrium under 

competing by sulfate ion (Fig. 4-4b) reflexed clearly the role of loaded HZO NPs to 

the selective adsorption of phosphate, which was consistent with the negligible 

adsorption of the pristine AE in this condition. As shown, the equilibrium adsorption 

capacity of phosphate was a function of Zr content. Indeed, the ZAE-3 exhibited the 

largest removal efficiency in the presence of excess sulfate ion and the efficiency 

was in order ZAE-3 > ZAE-2 > ZAE-1 >> pristine AE corresponding to their 

decreasing Zr content.  

The equilibrium adsorption of all adsorbents were examined and fitted well to 

the non-linear Freundlich isotherm model and the results was summarized in Table 

4-1, indicating the homogeneous adsorption process between phosphate and these 

adsorbents. The maximum adsorption capacities in excessive sulfate condition 

estimated from the Freundlich equation were found to be 16.2, 12.5 and 7.6 mg-P/g-
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adsorbent for ZAE-3, ZAE-2 and ZAE-1, respectively. These adsorption capacities 

could be considered as the selective adsorption capacities of the hybrids because the 

phosphate adsorption on the pristine AE was neglected. In addition, the phosphate 

affinity KF value of these hybrids in the presence of sulfate ion also increased with 

the increasing Zr content, be consistent with the increase adsorption selectivity.  
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Fig. 4-4. Equilibrium adsorption of phosphate compared among the hybrids (ZAE-

3, ZAE-2, ZAE-1) and pristine AE in absence and presence of sulfate ion (Adsorbent 

dose 0.1 – 2.5 g/L, P-PO4 = 10 mg/L, SO4 5 mM, pH 7.0, 25oC, 24 h. 
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Table 4-1. Freundlich isotherm parameters for phosphate adsorption of the hydrated zirconium oxide NPs embedded anion 

exchange resin (ZAE) compared with the pristine anion exchange resin (pristine AE). 

 ZAE-3  ZAE-2  ZAE-1  Pristine AE 

w/o SO4 w/ SO4 w/o SO4 w/ SO4  w/o SO4 w/ SO4  w/o SO4 w/ SO4 

KF (mg/g) (mg/L)-1/n 28.59 9.49  29.18 6.26  27.81 4.37  11.17  

1/n 0.135 0.248  0.133 0.309  0.148 0.240  0.362  

R2 0.992 0.955  0.986 0.981  0.977 0.984  0.957  
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4.3.2.3. Fixed-bed column test 

Fig. 4-5 presents the breakthrough curve of column test for phosphate removal 

by those of ZAE hybrids compared with pristine AE using synthetic phosphate 

water containing other common anions in water/wastewater (Cl-, NO3
-, HCO3

- and 

SO4
2-) at pH about 7. As expected, the volume capacity of effective treatment for 

phosphate (below 0.5 mg-P/g-adsorbent, the maximum allowance of discharged 

phosphate) increased in order pristine AE << ZAE-1 < ZAE-2 < ZAE-3 

corresponding to their increasing Zr content. Indeed, the effective volume treatment 

was found to be 440, 1980, 3980 and 5100 BVs for the pristine AE, ZAE-1, ZAE-2 

and ZAE-3, respectively. 

After adsorption process, the phosphate-adsorbed ZAE-3 was proceeded to be 

desorbed and regenerated at ambient air. The second run of phosphate removal by 

the ZAE-3 seemed to be retrieved up to about 4950 BVs. In addition, as shown in 

Fig. 4-6, phosphate desorption of the ZAE-3 after the 1st and 2nd adsorption processes 

was effective within 10 BVs of desorbate solution (> 90%) by using solution of 

NaOH-NaCl. The results of regeneration test indicates a high potential of long-term 

reusability of the hybrid ZAE for phosphate removal.  
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Fig. 4-5. Column adsorption for phosphate from synthetic water in comparison 

among the hybrids (ZAE-3, ZAE-2 and ZAE-1) and pristine AE. Experimental 

conditions (EBCT 4 min, 5 mL of adsorbent, P-PO4 2 mg/L, Cl- 100 mg/L, NO3
- 12 

mg/L, HCO3
- 120 mg/L, SO4

2- 120 mg/L, pH  7 – 7.3). 
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Fig. 4-6. Column phosphate desorption of the ZAE-3. Experimental conditions 

(EBCT 25 min, desorbate solution of NaOHNaCl (5 wt % of each)).  
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4.3.3. Interpretation of selective removal of phosphate 

Fig. 4-7 shows the correlation between the selective phosphate adsorption 

capacity of the ZAE and its Zr content for both case of the batch test (in presence of 

excessive sulfate ion) and column test (synthetic water). It is very interesting that the 

linear expressions with high coefficient value R2 (1.00) well demonstrated for both 

batch and column modes of the phosphate removal and expressed as follows: 

Batch experiment:  y = 0.201x + 0.139 (R2 = 0.999) (1) 

Column experiment: y = 0.156x + 0.076 (R2 = 0.998) (2) 

where, x (mmolZr/gZAE) is the amount of Zr in the ZAE and y 

(mmolP/gZAE) is the corresponding phosphate adsorption of the ZAE.  

The good linear expression (Eq. (1) & (2)) infers that the macroporous AE served 

as excellent nano-reactors for depositing and stabilizing of HZO NPs during their in 

situ precipitation process[127], which brings advantage in retaining the similar 

surface properties of the loaded HZO NPs at a wide range of Zr content. Thus, the 

selective adsorption performance for phosphate of the ZAE was proportional 

function with the Zr content. Indeed, Eq. (1) provides the strong relationship between 

the maximum capacity of selective phosphate adsorption on the ZAE (qm, mmolP/g) 

and its Zr content (mmolZr/g). Meanwhile, Eq. (2) demonstrates the strong 

dependence of effective adsorption capacity of the ZAE to its Zr content in column 
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mode application. As shown, the lower slope of Eq. (2) than Eq. (1) was expected, 

possibly due to the unfully-adsorbed phenomenon of non-equilibrium of column test. 

In addition, as shown in Fig. 4-7, the unparalleled degree of two linear expressions 

become more greater at high Zr content, which could be explained by that HFO NPs 

having the lower adsorption rate (than the quaternary ammonium functional groups) 

[82] may require more time to obtain higher capacity. Further evaluation of flow rate 

of synthetic water could provide better understanding for this explanation.  

On the other hand, Eq. (1) could allow to predict the theoretical maximum 

capacity (theoretical qm) for selective adsorption of phosphate based on the Zr 

content which was to be 72.6 mg-P/g-Zr (or 222.6 mg-PO4/g-Zr). This result was 

higher than the capacity of bare ZrO2 NPs as previously reported [9, 81, 157] 

possibly due to the support of Donnan membrane equilibrium from fixed charges of 

the supported AE. Also, the theoretical capacity for effective removal of phosphate 

by column test at experimental condition can be estimated by Eq. (2) to be 55.4 mg-

P/g-Zr (or 169.7 mg-PO4/g-Zr), which was about 75% theoretical qm value.  

In overall, the specific role of Zr content was experimentally explained in the Eq. 

(1) and (2), which was of significance not only in description of selective phosphate 

adsorption insights the ZAE but also in estimating the performance of the adsorbent 

based on the known amount of loaded Zr.  
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Fig. 4-7. Correlation between Zr content in the ZAE and the corresponding capacity 

of ZAE for effective adsorption of phosphate in batch mode (in presence of excessive 

sulfate ion) and column mode of synthetic water.  
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4.4. Conclusion 

This study proposed a new synthetic method of the hybrid ZAE with effectively 

loading HZO NPs within the AE (18 %Zr after two cycles of the synthesis). The 

structural and surface charges properties of the ZAE was characterized with high 

potential for phosphate adsorption, which was similar with that of the adsorbent 

fabricated by the conventional method. The loaded HZO NPs exhibited the 

enhancement of both adsorption efficiency and selectivity toward phosphate ion. The 

selective behavior of the ZAE toward phosphate ion (in the effect of sulfate ion) 

relied to the loaded HZO NPs and was in function of Zr content, which was well 

described by a good linear expression between the maximum capacity of effective 

adsorption and the Zr content (R2  1.00) in presence of co-existing ions for either 

batch or column adsorption. Consequently, the theoretical qm value could be 

estimated from the linear expression and found to be 72.6 mgP/gZr (or 222.6 

mgPO4/gZr). The successful column test of the ZAE provided the effective 

capacity of treatment was about 76% of theoretical qm value. Finally, this study 

contributed not only an innovated synthesis of ZAE for effective removal of 

phosphate from water/wastewater in expectation of reducing time, cost and chemical 

wastes as well but also an understanding selectivity of phosphate adsorption insights 

of the ZAE for further research.   
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5. Conclusion  

This dissertation reported the novel hybrid adsorbents of inorganic NPs 

embedded anion exchange resin, which are ZMAE and ZAE, for selective removal 

of phosphate and arsenic from water. The study of selective adsorption of the hybrid 

adsorbents toward phosphate and arsenic were placed in context of common co-

existing anions of synthetic water. 

(1) The first time the ZMAE was fabricated (with a single cycle of synthesis 

procedure) for selective removal of phosphate and arsenate, which showed much 

superior performance to the ZAE or pristine AE. There was about 62% of adsorption 

capacity of the ZMAE served the selectivity toward either phosphate ion or arsenate 

ion in the presence of excessive sulfate ion. The great selectivity of both phosphate 

and arsenate were given by the attribution of the ZM NPs, which not only exhibited 

excellent selectivity toward phosphate ion but also contributed to enhance the 

selective adsorption of the supported AE. The effect of pH to the adsorption showed 

that the adsorption of the ZMAE toward both phosphate and arsenate ions reveal the 

specific interaction which was less dependent to the surface charge of the adsorbent 

as usually reported in literature. Furthermore, the fixed-bed column adsorption of the 

ZMAE examined for phosphate and arsenic removal from synthetic water promise a 

high potential of field application of ZMAE for effective removal of arsenic and 

phosphate from water/wastewater. 
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(2) The molybdate intermediate method was proposed for fabricated of hybrid 

ZAE with a better effectiveness of dispersing HZO NPs within the resin and a better 

saving of time, cost and used chemicals than the previous method. The ZAE with 

high stability and regeneration performances showed its good candidate for removal 

of phosphate and arsenic at neutral pH water with long-term reusability. The linear 

expression between the maximum capacity of selective adsorption and the Zr content 

for either batch or column adsorption could allow to evaluate the adsorption 

performance of the ZAE toward phosphate/arsenic based on the Zr content. 

Therefore, this study could contribute an important understanding of selectivity of 

phosphate adsorption insights of the ZAE for further study.  

The synthesis methods of both hybrids ZMAE and ZAE do not mean with 

endorsement of Zr, other metals can be extended to develop these methods as general 

and effective methods for propose a large-scale synthesis of high efficient and 

selective adsorbents. Furthermore, the understanding the role of Zr content in the 

ZAE to the selective adsorption of phosphate could play an important role for further 

study of adsorbent development and evaluation.  
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Supplementary data 

 

 

 

 

Fig. S3-1. (a) XPS spectra of the ZMAE (Zr 3d and Mo 3d core level of); (b) SEM 

and HR-TEM of ZM NPs, respectively. 

(c) 

(a) 
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Fig. S3-2. Chloride adsorption of the bare ZM NPs with time ([ZM NPs] = 0.4 g/L, 

[Cl-] = 51.7 mg/L, 25oC). 
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Fig. S3-3. Intra-particle diffusion model of phosphate adsorption on the ZMSA 

(adsorbent dose 0.5 g/L, [P-PO4] = 10 mg/L, pH 5.5). 
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Fig. S3-4. Equilibrium adsorption of phosphate on the ZM NPs in in absence and 

presence of sulfate ([Adsorbent] = 0.2 g/L, [P-PO4] = 2.5 – 30 mg/L, [SO4] = 5 mM, 

pH 5.5, 25oC, 24 h). 
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Fig. S3-5. Equilibrium adsorption of phosphate compared between the ZMAE and 

ZAE in absence and presence of sulfate ([Adsorbent] = 0.5 g/L, [P-PO4] = 5 – 50 

mg/L, [SO4] = 5 mM, pH 5.5, 25oC, 24 h). 

  

Ce, mg-P/L

0 10 20 30 40

q
e,

 m
g-

P
/g

0

10

20

30

40

50
ZMAE w/o SO4

ZAE w/o SO4

ZMAE w/ SO4

ZAE w/ SO4



130 
 

 

Fig. S3-6. Comparison of Mo released from the ZMAE and ZM particles (without 

supported resin) at different pH values (adsorbent dose 1g/L, 24 h). 
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Fig. S3-7. Point of zero charge (pHpzc) of the ZMAE was not determined (using drift 

method). 
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Fig. S4-1. XRD spectra of the ZAE fabricated by the molybdate intermediate method 

(MIM) compared with that of the previous method (DM). 
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Table S3-1. Adsorption kinetic parameters of phosphate on the ZMAE compared with the AE (calculated as P). 

Adsorbents 
qe exp. 

(mg/g) 

 Pseudo-first-order  Pseudo-second-order  Intra-particle diffusion model 

 k1, 10-2 

(min-1) 

qe 

(mg/g) 
R2 

 k2, 10-3 

(min-1) 

qe 

(mg/g) 
R2 

 k1d 

(mg/(g.min1/2)) 
R1

2 
k2d 

(mg/(g.min1/2) 
R2

2 

Pristine AE 12.9  5.27 16.4 0.987  5.61 13.5 0.997  - - - - 

ZMAEa 19.1 
 

0.60 10.6 0.918 
 

1.16 19.2 0.999 
 

1.41 0.983 0.27 
0.9

68 

ZMAEb 12.0 
 

0.21 9.8 0.983 
 

0.48 10.9 0.994 
 

0.42 0.992 0.30 
0.9

89 

           

aIn the absence of sulfate 

bIn the presence of sulfate 5 mM 
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Table S3-2. Phosphate adsorption capacity compared between the ZMAE and 

pristine AE. 

Adsorbents ZMAE Pristine AE 

%Zr (w/w) 4.3  

%Mo (w/w) 14.7  

IEC, Cl- form (dry, meq/g) 1.92 3.42 

qm, mg-P/g 

42.2 

(24.1 for qm-AE (inZMAE), 

18.1 for qm-NPs (in ZMAE)) 

43.1 

qm, mg-P/g in SO4
2- 5 mM 

26.1 

(Case I: 8.0 for q*
m-AE (inZMAE) 

and 18.1 for q*
m-NPs (in ZMAE); 

Case II: 1.0 for q*
m-AE (inZMAE) 

and 25.1 for q*
m-NPs (in ZMAE)) 

1.8 

 

 



135 
 

Table S3-3. The solution pH changing before and after the adsorption on the ZMAE 

 Initial pH 2.0 3.0 5.0 7.0 9.0 11.0 

ZMAE 
Phosphate adsorption Final pH 2.0 2.9 4.3 4.4 5.7 7.8 

Sulfate adsorption Final pH 2.0 2.9 4.1 4.2 5.8 7.7 

Pristine AE Phosphate adsorption Final pH 2.0 3.1 4.9 6.7 8.8 11.0 
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