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ABSTRACT 

The removal of contaminants from wastewater is a major challenge in the area of water 

pollution. The removal of phosphorus (P) from wastewater is primarily to reduce the potential 

for eutrophication in receiving water, and common in many countries. Developing a highly 

efficient, environmentally friendly and selective adsorbent for phosphate removal is a major 

challenge these days. Lanthanum- based nanocomposites have attracted much attention for 

their efficiency and capacity in removing phosphate from water because La3+ ion has a strong 

affinity with oxygen-donor atoms from phosphate. In addition phosphate could easily desorb 

from Lanthanum- based nanocomposites due to the weak H-bonding interaction between 

phosphate and the H-bond acceptor groups on the surface of Lanthanum-based 

nanocomposites. This study developed La(OH)3@Fe3O4@PC nanocomposite by first 

preparing Fe3O4 NPs, La(OH)3 NPs and porous carbon separately by using algae extract as 

reducing agent, and then combining these nanoparticles in a fixed ratio to remove phosphate 

from wastewater. The synthesized nanomaterials were characterized by FTIR, XRD, BET, 

TGA, and SEM for surface, and physicochemical characteristics. Performance of the 

nanocomposite was evaluated in terms of adsorption kinetics, adsorption isotherms, different 

solution pH values, dose, contact hour and regenerative ability. Using the optimized 

parameters the result revealed that, the adsorption efficiency of the composite decreased by 

increasing the pH of the solution, increased by increasing the adsorbent dose and contact 

time, and reached maximum at pH 5, adsorbent dose of 0.2g, contact time of 30 min, initial 

phosphate concentration of 50 mg/L at room temperature. The La(OH)3@Fe3O4@PC 

nanocomposite showed a 98.42% phosphate removal efficiency, an excellent phosphate 

removal capacity of 40.16 mg/g, and excellent reusability for six cycles. It was found that, in 

30 min, 0.2 g/L dosage of the nanocomposite was able to reduce the phosphate from Adama 

Science and Technology University Wastewater Treatment Plant effluent from 3.729 mg/L to 

0.05877 mg/L.  

Keywords: Wastewater treatment, Pollutants, Adsorption, Desorption, Nanoadsorbents, 

Lanthanum-based nanocomposite, and Eutrophication 
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1. INTRODUCTION 

1.1. Background of Study 

Phosphorus (P), an essential nutrient widely found in aquatic environments, is highly required 

for the growth of living organisms and the normal functioning of ecosystems. It is a major 

component of fertilizer and an important element for biological growth for nucleic acid 

synthesis and energy. Phosphorus occurs in three compounds in natural waters: inorganic 

dissolved orthophosphate, dissolved organic phosphorus compounds and particulate 

phosphorus (bound in biomass or attached to particles) (Xie et al., 2014). According to the 

values of pKa1 and pKa2 of phosphoric acid (2.16 ,7.21), the dominating species are 

monovalent and divalent P as removed from the aqueous solution denoted as H2PO4
- and 

HPO4
2-. Since the pKa3 of phosphoric acid is 12.3, the trivalent forms of PO4

3- can be 

neglected in the adsorption operation (Awual, 2019 ; Zheng et al., 2021). 

According to Bowes et al. study, the main sources of P entering rivers in UK are sewage 

effluent and agricultural run-off with up to 70% belonging to sewage discharges (Bowes et 

al., 2015). Municipal and industrial waste water are the main point sources for phosphate 

while run-off from agriculture is the dominant non-point source. A study indicates that 4 to 15 

mg/L phosphate may be contained in municipal wastewater, whereas effluent from chemical 

industries such as detergent manufacturing and metal coating processes may contain 14 to 25 

mg/L phosphate (Mekonnen et al., 2020). However, excessive phosphate emission to water 

bodies leads to eutrophication, which is responsible for water quality deterioration of 30–50% 

water resources all over the world, algal blooms, oxygen depletion and even aquatic 

ecosystem (Liu et al., 2020; Song et al., 2020). Eutrophication has been a global 

environmental problem in natural water, such as in lakes, marshes, and reservoirs (Y. Wang et 

al., 2021). Previous studies revealed that the acceptable total phosphorus concentrations in 

lakes and other confined water bodies should not exceed 0.03 mg/L P (Luo et al., 2021; 

Ahmed & Lo, 2020). The effluent limit of total phosphorus according to United State 

Environmental Protection Agency (USEPA) Clean Water Act is 0.5-0.8 mg/L (Abdul Salim et 

al., 2018). In recent years, great progress has been made in limiting P inputs from the point 

and non-point contaminant sources. Therefore, the removal of phosphate before discharge to 

receiving waters is crucial in controlling eutrophication. 
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A wide range of treatment technologies are available for removing phosphorus from 

wastewater, including chemical precipitation, biological phosphorus removal, and adsorption. 

However, chemical precipitation often suffers from high costs and sludge handling with low 

efficiency for trace level concentration of phosphate removal. Operational difficulties hinder 

the application of biological method for removal of phosphate at low concentration in water 

(Y. Chen et al., 2020). Adsorption is a preferable approach for phosphate removal due to its 

attractive advantages such as simple operation, high removal efficiency, and fast adsorption 

rate especially at low P concentrations (Sengupta & Pandit, 2011). Many inorganic and 

organic adsorbents, as well as industrial by-products and biological wastes have been tested 

for their efficiency in removing P from wastewater. The adsorbent materials should have high 

affinity and selectivity for phosphate, should show fast adsorption, high stability, and scale-up 

of production should be easy (Lu et al., 2021). 

Lanthanum is one of the abundant and relatively inexpensive rare earth elements, and is 

considered to be environmentally friendly. Due to its specific affinity for phosphate and high 

potential in effectively removing phosphate, Lanthanum has received wide attention in 

phosphate removal (Rahman et al., 2021). Various lanthanum-based adsorbents have been 

prepared and investigated for P adsorption like La(OH)3-loaded magnetic mesoporous 

nanospheres, mesoporous lanthanum hydroxide, zeolite/lanthanum hydroxide, lanthanum 

modified silica spheres, lanthanum hydroxide-doped activated carbon fibre, La(OH)3/Fe3O4 

nanocomposites, magnetic porous biochar supported La(OH)3 and lanthanum hydroxide 

nanorods (Zhang et al., 2021; Dai et al., 2014; Huang et al., 2015; Xie et al., 2015). Huang et 

al. found that La(OH)3-modified exfoliated vermiculite has an excellent adsorption selectivity, 

high removal rate and wide operating pH for phosphate adsorption (W. Y. Huang et al., 

2014). La-based adsorbents have their own advantages. However most of these adsorbents are 

not easily separable and also used chemicals as reducing agent during synthesis (Song et al., 

2020). Therefore, it is essential to develop an adsorbent that has high P adsorption capacity 

and excellent recyclability.  

In  this  study,  La(OH)3 and Fe3O4 nanoparticles  were  synthesized by using  aqueous  

extract  of  green algae  as  a  reducing  and capping agent. The synthesized Fe3O4 

nanoparticles were decorated on porous carbon (PC) prepared from starch by calcination in 

the presence of sodium hydrogen carbonate.  Then Lanthanum was loaded into the 
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synthesized magnetic porous carbon to form La(OH)3@Fe3O4@PC composite and applied to 

adsorb phosphate from wastewater. The efficiency of phosphate adsorption by the composite 

material was investigated by various physio chemical analyses. 

1.2. Statement of the Problem 

In several developing countries, including Ethiopia, rivers are sources of drinking water and 

for irrigation purpose. These water sources are stored in reservoirs before being treated. To 

reduce algal growth in the supply of drinking water, pre-treatment of phosphorous is 

necessary. Water may contain phosphate derived from contact with natural minerals or 

through pollution from an application of fertilizer, sewage and industrial wastes.  The 

excessive use of phosphorous in households and in the agricultural sectors that leads to a 

significant subsequent discharge into water bodies resulted in an increased P concentration in 

the water, which in turn leads to algal growth and causing eutrophication. Eutrophication 

induces fast growth of plants and algae, depopulating aquatic species, deteriorating water 

quality and accelerating water scarcity. Studies have shown that even at trace level of around 

0.02 mg/L, P can accelerate eutrophication and reducing P input is crucial in controlling 

eutrophication symptoms such as algal bloom in many lake ecosystems (Li et al., 2016; Bruun 

et al., 2021). According to one study, Gilgel Abay contribute more than 90 % of the inflow 

among more than 40 rivers feeding Lake Tana of Ethiopia. This river contains about 20 mg/L 

phosphate as the study shows (Taffese, et al., 2014). Other study shows that the average 

phosphate concentration in Lake Hawassa was found to be 6.56 mg/L (Lencha et al., 2021).  

In Adama science and technology university wastewater treatment plant, the treated 

wastewater contains 3.729 mg/L phosphate at the effluent during this study measurement 

which is beyond the standard value. Thus, it is essential to remove the dissolved P mainly 

found as phosphate from wastewater before discharge and reduces the concentration of P and 

prevents eutrophication. In recent time, adsorption using nanocomposite appears the most 

economical method because of its inexpensiveness, easy working principle, and high pollutant 

uptake capacities. This study present the synthesis of La(OH)3 decorated magnetite (Fe3O4) 

nanocomposite on porous carbon by green and eco-friendly method as adsorbent to remove 

phosphate from wastewater. 
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1.3. Objectives 

1.3.1. General objective 

To synthesize and characterize La(OH)3@Fe3O4 composite decorated on porous carbon for 

phosphate adsorption from  wastewater. 

1.3.2. Specific objectives 

 To synthesis La(OH)3 NPs, Fe3O4 NPs and La(OH)3@Fe3O4@PC nanocomposite 

through green synthesis method by using algae as reducing agent 

 To characterize the synthesized nanocomposite by using different characterization 

techniques like XRD, FTIR, BET, SEM, and TGA/DTG 

 To investigate the effect of pH, adsorbent dosage, contact time, and initial 

concentration on adsorption efficiency and removal capacity of phosphate by the 

synthesized composite  

 To study the adsorption-desorption cycle of the synthesized adsorbent 

1.4. Scope of the Study 

The scope of this study was limited to the synthesis of La(OH)3 NPs, Fe3O4 NPs and 

La(OH)3@Fe3O4 composite decorated on PC through green synthesis method by using algae 

as reducing and capping agent.  The synthesized nanocomposite was characterized by using 

XRD, FTIR, BET, TGA/DTG, and SEM techniques.  

1.5. Significance of the Study 

Excessive release of phosphate is one dominant factor for harmful algal blooms outbreak, 

which results in eutrophication risk. In general, accelerated eutrophication of surface water 

leads to problems with its use for fisheries (because of blooming and food web change), 

recreation, industry or drinking water because of the increased growth of undesirable algae/ 

cyanobacteria and aquatic weeds, and oxygen shortages. This study is expected to provide a 

method to remove phosphate from wastewater that poses serious environmental problems by 

using a simple, cost-effective, and environmentally friendly adsorption method. This method 

can be applicable and useful in different water treatment plants for removal of phosphate from 

wastewater before discharge to the environment.  For researchers, it is important to do further 

study by expanding this investigation.  
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2. LITERATURE REVIEW 

2.1. Wastewater 

Increase in population, fast industrial development, commercial and agricultural activities 

have intensified the demand of water. Wastewater is produced in different ways like in 

household, restaurant and industrial activities. The source of wastewater plays an important 

role on its properties and treated processes. Domestic wastewater (house and restaurant 

wastewater) normally holds contaminants like vegetable materials, grease and scum 

detergents, and sediment (El-sayed, 2020). Industrial wastewater may contain toxic chemicals 

and metals, organic wastes, radioactive elements, great quantities of sediment, high 

temperature waste or acidic/basic waste while storm wastewater may include; oil, fuel, 

insecticides, herbicides and residual sediments as shown in Figure 1. 

 

Figure 1: Water and wastewater contaminant types classified by their chemical nature (El-

sayed, 2020) 

Because of the scarcity of fresh water sources, the reuse of wastewater has become a smart 

choice for conserving and increasing the available water sources. The reuse of wastewater has 

numerous applications, including irrigation of agricultural soil, aquaculture, manufacturing 

consumptions, recreational and environmental practices, and artificial ground water recharge. 

Generally, wastewater may be reused for all purposes which fresh water is applied if an 

appropriate treatment is done to return it to water quality suitable for the intended application. 

Several techniques have been reported for wastewater treatment which includes physical, 

chemical, and biological processes that are considered effective enough for water treatment in 

many ways. Adsorption is usually considered a cost effective and reliable method for 

wastewater treatment (El-sayed,2020). The removal efficiency of adsorption can range up to 

99.9%. The United States Environmental Protection Agency (USEPA) declared the 
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adsorption process as one of the most excellent and best wastewater treatment techniques, 

among others (Rashid et al., 2021). Adsorption is basically a process of mass transfer in 

which solute or removable species are transported from a runny phase onto the surface phase. 

By physiochemical interactions, adsorbed species are bounded to the solid surface (Manchisi 

et al., 2020).  

2.2. Nanoparticles 

Nanoparticles (NPs) are the products of nanotechnology usually ranging in size from 1 to 100 

nm and have been classified on the basis of origin, dimensions, and structural configurations 

(Vikrant & Kim, 2018).These particles are transients between bulk materials and molecular 

structures with a high ratio of surface area to mass. Anthropogenic inorganic nanoparticles 

(metallic nanoparticles) possessing extremely small size and large surface to volume ratio 

have unique properties, such as magnetic and optical polarizability, electrical and thermal 

conductivity that have led to many applications with great scientific impetus as well as 

industrial significance. Noble metallic nanoparticles have significant utility in diverse fields, 

such as clinical diagnostics and therapeutics, electronics, cosmetics, textiles, food processing 

and packaging, wastewater treatment, environmental remediation and agriculture (Chaudhary 

et al., 2020). 

Due to unique morphological (shape, size, and charge distribution) and physico-chemical 

properties of NPs, they find applications in almost every discipline of science, like space, 

energy, defense, communication, biomedicine, and agriculture. Use of NPs in disease 

diagnosis, imaging, treatment, drug delivery, tissue engineering, and cancer therapeutics is 

also increasing tremendously (Macys, 2005). However, application of NPs in biological 

entities, especially humans, is very critical, and the NPs used in biomedical applications 

should preferably be from green sources. Taking into consideration various factors, such as 

biocompatibility, bioavailability, bio-distribution, and most importantly biosafety of NPs, the 

current trend of synthesis of NPs is moving towards the safer side. NPs are mostly 

synthesized by physical and chemical methods such laser ablation, mechanical milling, electro 

explosion, and sol-gel, but they are hazardous for environmental and human health (Cheng et 

al., 2016). The trend to synthesize NPs from alternative, environmentally safe, cost-effective, 

and non-toxic green methods is increasing.  
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Green nanotechnology focuses on production of NPs using minimal or negligible toxic 

substances, while posing no damage to the environment and risk on human health. In these 

environment-friendly methods, biological systems such as bacteria, viruses, algae, yeast, fungi 

and plants have been widely used, leading to significant contributions to nanotechnology for 

green synthesis of NPs that are free from impurities. These biological systems possess various 

biological entities which behave as both reducing and capping agents in NP generation, either 

intracellular or extracellular (Sinha et al., 2015). Proteins, peptides, and functional groups 

(carbonyl, thiol, hydroxyl, and amine) present in biological entities reduce precursor salt into 

NPs called reducing or stabilizing agents. They cap and stabilize NPs at the same time; hence 

this type of synthesis is relatively simple, reproducible, and stable. The biosynthesis of NPs 

can be controlled by various physical factors, such as pH, concentration of metal precursor 

and bio-extract, contact time of reaction mixture, exposure to any light source, and 

temperature. These factors control the nucleation, growth, aging, agglomeration, and 

stabilization of NPs, which in turn can alter the size, shape, and crystallinity of the 

synthesized NPs (Chaudhary et al., 2020). 

Interestingly, an emerging trend of studies related to the biosynthesis of metallic nanoparticles 

using algal species has been observed in the recent decade. Algae are a very diverse group of 

autotrophic unicellular or multicellular organisms that can be catalogued as microalgae 

(microscopic) and macroalgae (macroscopic) found in very diverse habitats. Various types of 

algae have been extensively explored as a potential tool for green synthesis of metallic 

nanoparticles at higher rate, probably due to their high capacity of metal accumulation. 

Recently, synthesis of metal nanoparticles using algae has attracted much attention due to 

their simplicity and cost effectiveness in terms of mass production as well as downstream 

processing of nanoparticles and environmental benignity; they greatly reduce the need for 

hazardous chemicals. Moreover, many algae have thick, rigid cell walls made up of 

polysaccharide and glycoprotein matrices containing several functional groups such as 

hydroxyl, carbonyl, carboxyl, thiol, sulfonate and amino and amidic groups 

(KuyucakandVolesky1989) which play a major role in metal reduction and accumulation. 

This means that polysaccharides and glycoproteins present in the algal cell wall are involved 

in bio-reduction and capping (Sharma et al., 2016). 
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Magnetic nanoparticles (MNPs), falling under the class of nanoparticles, ordinarily constitute 

of elements like iron, nickel and cobalt so they can be regimented using external magnetic 

field. Another reason is that they can be engaged for circumstantial purposes on the 

cornerstone of their biocompatibility, magnetic susceptibility, synthesis mode and 

characterization methods. MNPs have always proved to be serviceable not only in 

environmental redress but also in biomedical field involving cancer therapy, Alzheimer 

treatment, antimicrobial activities, targeted drug delivery and diagnostic applications (Zhou et 

al., 2015). 

 

Figure 2: Applications of MNPs in industrial and biomedical field (Gupta et al., 2018). 

2.2.1. Methods of synthesis 

 2.2.1.1. Chemical synthesis 

 In the last decade, highly stable, shape controlled and mono-dispersed MNPs have been 

generated using synthetic methods. The structure and morphology of the MNPs rely upon the 

method used for their synthesis which in turn greatly influences their magnetic properties. 

Consequently, various methods are proposed which include sol–gel, hydrothermal, co-

precipitation, sonochemical, microemulsion, thermal decomposition and many more which 

can be directed to synthesize MNPs of different vital properties (Gupta et al., 2018). 
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 2.2.1.2. Green synthesis  

Now a day, synthetic methods to produce substances have been replaced by green chemistry. 

It has drawn a great attention of researchers because of its environment benign nature. Green 

chemistry makes use of non-toxic substances like plants tissues, plants extracts, micro-

organisms, fruits, marine algae for synthesizing (Nayak et al., 2015). When substances are 

derived using green chemistry, the method is termed as green synthesis. It plays a great role in 

production of well-characterized (well sized and free from contamination) MNPs without 

compromising with nature. Plant extracts seem to be most appropriate among all candidates 

used in green synthesis for massive production of MNPs. In the synthesis, they act as reducing 

as well as stabilizing agent (Z. Wang et al., 2015). The choice of plant extract influences 

features of MNPs formed because different extracts possess different properties 

(concentration and combination of organic reducing agent). Metal ions are reduced to MNPs 

using biomolecules present in the plant extracts or plant tissues with much easiness (Anuradha 

et al., 2015). This biogenic synthesis is not only an effective process on account of providing 

high synthesis rate, stability, environmental amiability and facile reaction conditions (room 

temperature and pressure) but also an economical one if compared with relatively expensive 

chemical methods. Biosynthetic routes, though relatively complex, are more efficient than 

synthetic ones in way of providing required nanoscale and morphology (Gupta et al., 2018). 

2.3. Nanoadsorbents for Wastewater Treatment 

Nanotechnology allows the development of novel high-tech materials for more efficient water 

and wastewater remediation methods, such as membranes, adsorption materials, 

nanocatalysts, functionalized surfaces, coatings, and reagents. However, nano-adsorbent 

materials are considered the most suitable water and wastewater remediation methodology 

because of it's easy to apply and there is a wide range of adsorbents (Basheer, 2018). 

Nanomaterials show great promise as the best feasible way to treat organic as well as 

inorganic contaminants because of their unique properties such as high surface area and high 

adsorption capacity. In addition, the interaction between nanoadsorbents and contaminates 

may be chemisorption or physisorption depending on the functionalization of nanomaterial 

(Vikrant & Kim, 2018, El-sayed, 2020).  
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Adsorption is a surface phenomenon and widely used mechanism for the elimination of all 

types of pollutants. The adsorption process depends on the interaction between an absorbable 

solute and a solid adsorbent which has a highly porous surface structure. The attractive forces 

between the solute and the adsorbent cause the solute molecules to be concentrated on the 

adsorbent surface. The adsorption process leads to increasing the concentration of the 

adsorbate on the adsorbent surface. Adsorption is considered a very appropriate technique for 

wastewater purification due to its high efficiency, cost-effectiveness, versatility, and easy 

control (Gusain et al., 2020). The nature of an adsorbent is a very important factor in 

adsorption process where the adsorbent determines the efficiency, versatility and 

economics of the adsorption method. The three types of adsorption method are classified by 

the nature of the surface attachment which can be physical, chemical or exchange adsorption 

(El-sayed,2020). 

Physical adsorption (Physisorption) is caused by Vander Waals forces and is the easiest to 

separate because these forces are weak in nature and it is essentially reversible. 

Chemical adsorption (Chemisorption) takes place through chemical bonding between 

adsorbate and adsorbent. Chemisorption happens only as a monolayer. In addition, materials 

that chemisorbed on solid surface are difficult to remove. It is principally irreversible. 

Exchange adsorption is caused by the charge attraction between adsorbate and the surface. 

The shape and the morphology of nano-adsorbent materials also plays very important role in 

its properties and efficiency. These chemical and physical characteristics led to increasing 

their application as adsorbents compared to traditional adsorbents (Gatoo et al., 2014). 

Because of their high porosity, small size, and active surface, nanoadsorbents not only are 

capable of removing contaminants with varying molecular size, hydrophobicity, and 

speciation behaviour, but also enable manufacturing process to consume raw materials 

efficiently without releasing its toxic adsorbed substance (Cheriyamundath & Vavilala, 2021). 

Nano adsorbents not only work rapidly, but also have considerable pollutant-binding 

capacities. They can also be chemically regenerated after being used (Fu et al., 2018). At the 

nanoscale, materials show unique characteristics and, because of their small size, they possess 

a large surface area and surface area to volume ratio. These characteristics improve the 

adsorption capacity of the nanoparticles. In addition to the large surface area, these particles 

show unique characteristics, such as catalytic potential and high reactivity, which make them 
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as better adsorbing materials than conventional materials. Because of their high surface area, 

nanoparticles have a greater number of active sites for interaction with different chemical 

species (Fu et al., 2018). Nanoadsorbents have nanoscale pores, high selectivity, high surface 

area, high permeability, good mechanical stability and good thermal stability (El-sayed, 

2020). 

Various types of adsorbents such as biomass, activated carbon, clays composite and metal 

oxide nanoparticles have been explored to remove phosphate from water.  Among the various 

adsorbents, hybrid materials created by doping metal oxide nanoparticles into different host 

materials have demonstrated high phosphate selectivity via ligand exchange (inner-sphere 

complexation) between phosphate and the metal oxide nanoparticles (H. Dong et al., 2020). 

With regards to important operational parameters in the treatment of sewage, the efficiency of 

the removal of phosphate is highly dependent on the initial concentration of phosphate, 

adsorbent dosage and reaction time (Fang et al., 2017).  As for the adsorption technique, the 

adsorbents play a key role in terms of adsorption capacity, removal rate, and selectivity. 

Removal capacity strongly depends upon the chemical composition and properties of metal 

oxides, like surface area, active sites and composite formation. The properties of metal oxide 

can also be adjusted by changing the synthesis conditions like changing the aging 

temperature, concentration of the metal salt, amount of precipitating agent, and annealing 

temperature (Ahmad et al., 2019).  

In recent years, metal-based adsorption materials have been widely used for phosphate 

removal in wastewater such as hydrous zirconia-modified zeolite, magnesium oxide-enriched 

biochar and hydroxyl iron-aluminum pillared bentonites (Fang et al., 2018). Most of these 

adsorption materials have exhibited high adsorption selectivity and capacity for phosphorus 

but effective when the initial concentration of phosphorus is over 20 mg/L, which does not 

represent the characteristic of real contaminated water. In general, the phosphorus 

concentration of wastewater treatment plants effluents is under a certain level (10 mg P/L) 

(Zheng et al., 2021). Among different types of oxides and hydroxides of metals tested, those 

of Fe, Al, La and Ca have been regarded as effective adsorbents for the removal of phosphate 

due to their high phosphate binding capacity (Zheng et al., 2021).  Hydrated metal oxides and 

hydroxides such as zirconium oxide, iron oxide, aluminum oxide and lanthanum oxide have 
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been immobilized into adsorbents to improve the surface and adsorption efficiency (P. Wang 

et al., 2019).  In particular, lanthanide-based nanomaterials are often considered as efficient 

and promising candidates for phosphorus removal. 

Lanthanum (La) is a trivalent metal and has hard Lewis acid property. Thus, it exhibits strong 

ligand adsorption for phosphate which behaves as a Lewis base. La has a good binding 

capacity to phosphate and an especially low solubility product in a complex system containing 

lanthanum phosphate, which has been employed as phosphate adsorbents.  Moreover, La 

could provide more coordination sites and shows excellent sensitivity to phosphorus even at 

micro levels (Liu et al., 2020).  Due to its hard Lewis acid property, Lanthanum compounds 

like La2O3 and La(OH)3 are considered as electron pair acceptors and have ultra-strong 

affinity toward phosphate as Lewis base (Zheng et al., 2021). Up to know a variety of La-

based materials have been developed to remove phosphate from wastewater by choosing 

suitable host to support La for an improved efficiency. Host materials with high specific 

surface area, such as carboxylate multi-walled carbon nanotubes, graphene, and mesoporous 

hollow silica spheres can support a good amount of La and thus, can lead to impressive 

phosphate adsorption capacity. However, most of these materials are limited by high cost and 

subsequent difficulties in their separation from treated water, which hinder their large-scale 

application (Fang et al., 2018). 

 A combination of La onto the support materials enhances both adsorption kinetics and 

capture capacity. Various La-loaded porous adsorbent such as La loaded mesoporous silica, 

porous lanthanum, biochar/lanthanum, graphene/lanthanum, La-loaded activated fiber and La-

loaded zeolite have been proven to be favorable for improving phosphate uptake capacity(Lin 

& Chen, 2021).  Many of these hybrid sorbents suffered an unsatisfactory sorption 

performance due to the lower amounts of La load in composites. The maximum phosphate 

sorption capacity observed for La-modified bentonite  and La-Carbon fibers  respectively are 

14.0 and 20.51 mg P/g, which might influence their phosphate removal and recovery potential 

(Shan et al., 2020). In addition, the separation of spent La-based materials (especially for 

powdered sorbents) from treated effluents remains an issue. Once used, lanthanum-based 

materials are difficult to separate and recover from river water. Traditional methods like 

Filtration and sedimentation may be ways to recover the used adsorbent, but these methods 
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consume a lot of energy and subject to problems such as filter blockage, increasing their costs 

(Ahmed & Lo, 2020).  Enhancing the separability of La-based materials by incorporation of 

magnetic materials is gaining significant interest. For example, Lai et al. developed a 

core/shell Fe3O4/SiO2/La(OH)3 magnetic composite, which showed an adsorption capacity 

toward phosphate of 27.8 mg P/g and could be easily separated through magnetic separation 

(Lai et al., 2016). Wu et al. synthesized novel La (OH)3/Fe3O4 nanocomposites, which also 

showed good adsorption capacity and magnetic separability (Ahmed & Lo, 2020).  

2.4. Magnetic Porous Carbon (MPC) 

Carbon-based adsorbents possess large surface areas and abundant pore structures and have 

shown great potential in the removal of undesirable organic pollutants from aqueous solutions 

(Zhouetal.,2012).Recently,magneticcarboncompositeshavebeendevelopedand are not only 

high efficiency adsorbents for removal of pollutants from aqueous solutions, but are also 

easily collected magnetically after adsorption (Zhang et al.,2012).The introduction of a 

magnetic medium(such as maghemite,ᵞ-Fe2O3) to carbon-based adsorbents by a pyrolysis 

activation(simultaneous activation and magnetization) or chemical co-precipitation reaction is 

an efficient method to enable the adsorbent to be efficiently separated with an external 

magnetic field. However, for a low surface area of carbonaceous material, co-precipitation 

reaction is not an efficient and facile method due to its negative effect on porosity of products  

(Oliveira et al., 2002). But, both an enhanced surface area and excellent magnetization 

property can be simultaneously obtained via pyrolysis activation (Zhang et al., 2012). 

However, few studies were presented to develop this promising technology for the preparation 

of MPC (Zhu et al., 2014). 

Although NPCs perform as good adsorbents, it is difficult to separate NPCs from aqueous 

solution, thus limiting their applications in this field. Introducing magnetic particles into 

NPCs can enlarge the scope of applications, especially for adding magnetic functionality to 

realize magnetic separation. Many kinds of procedures were used for generating such 

magnetic nanoporous carbon materials, including hydrothermal methods, co-casting methods, 

template carbonization, and thermal treatment of organometallic compounds (J. D. Xiao et al., 

2013). 
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2.5. La (OH)3/Fe3O4 Nanocomposites 

Nano metal oxides (NMOs) show an effective and specific adsorption towards various aquatic 

pollutants. However, they are usually present as fine or ultrafine particles, which often lead to 

problems such as activity loss due to agglomeration, difficult separation, and excessive 

pressure drops when applied in flow-through systems (Fu et al., 2018).  An effective approach 

to overcome this technical obstacle is to fabricate hybrid adsorbents by coating nanoparticles 

into/onto porous supports of larger size. Fe3O4 nanoparticles can be coated with inorganic 

material such as silica, gold or silver. These coatings not only improve the stability of the 

nanoparticles in solution but also provide sites for covalent binding with specific ligands to 

the nanoparticle surface. The use of silica provides great stability to the nanoparticles 

dispersion against changing of pH and concentration of electrolytes (Carlos et al., 2013). 

Lanthanum (La) has a good binding capacity to phosphate and an especially low solubility 

product in a complex system containing lanthanum phosphate, which has been employed as 

phosphate adsorbents. Moreover, La could provide more coordination sites and shows 

excellent sensitivity to phosphorus even at micro levels.  Hence a combination of La onto the 

support materials enhances both adsorption kinetics and capture capacity (X. Xiao et al., 

2014). However, the adsorption materials containing higher lanthanum loading usually 

exhibited significant amounts of lanthanum leachate in solution during the phosphorus 

adsorption process, and the La usage efficiency was lower. It is of great significance to 

develop a porous and environmental-friendly support for lanthanum deposition that could 

promote the removal of relatively low-level P and improve the lanthanum utilization 

efficiency (Zheng et al., 2021). The incorporation of lanthanum can significantly increase both 

the retention capacity and the adsorption kinetics of natural adsorbents like clays. The 

lanthanum phosphate compound, known as “Rhabdophane”, is a highly insoluble salt in water 

(Kuroki et al., 2014). 

La3+, La2O3(s) and La(OH)3(s) are common sources of La ions when non-La carriers are 

transformed into La-based materials (B. Wu et al., 2017). During synthesis, La3+ is 

incorporated into the structure of a carrier by exchange with Ca2+ or Na+ whereas La2O3(s) 

and La(OH)3 (s) are incorporated into the carriers by way of co-calcination , co-precipitation , 

calcination or precipitation of material preloaded with La3+ under alkaline conditions (Zhi et 
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al., 2020).  Carrier materials with internal and surface structures (e.g., porous structures with 

relatively high specific surface areas) are often selected to facilitate La access to phosphate 

and enhance La dispersion to promote the crystallization of LaPO4. Many materials, such as 

silica spheres (W. Huang et al., 2015), porous zeolite (He et al., 2017), and magnetic 

mesoporous nanospheres (L. Chen et al., 2019), have been investigated as a supporter for La 

oxides or hydroxides. In previous literature, one gram La2O3 modified oak takes up 46.37 mg 

phosphorus (Wang et al., 2016), and La(OH)3-modified magnetic pineapple biochar absorbs 

101.16 mg/g (Ahmed & Lo, 2020). To evenly distribute La over the surface, the preferred 

supporting materials should have large surface areas and abundant pores. Other material 

design factors include enhancing the affinity of phosphate for surface adsorption, such as an 

overall positive charge of the carrier as characterized by the point of zero charge (Ahmed & 

Lo, 2020).  

The increased solubility of Lanthanum can occur under some environmental conditions 

including at moderately acidic pH values (pH < 4.5), highly saline conditions, and in the 

presence of organic matter (Razanajatovo et al., 2021). At the same time, dissolved 

Lanthanum will likely undergo hydrolysis, bind to organic matter, and combine with 

phosphate to precipitate Rhabdophane (LaPO4⋅H2O), all of which reduce the bioavailability of 

Lanthanum in aquatic environments (Zhi et al., 2020). Therefore, lanthanum has often been 

preferred as a loading agent to enhance the removal of phosphate from aqueous solutions. 

Lanthanum hydroxides are attractive adsorbents due to multiple merits including low toxicity, 

high chemical stability and biocompatibility. Besides, lanthanum-based adsorbents are 

promising candidates for phosphate removal due to a high adsorption capacity, wide operating 

pH range and high removal rate (Zong et al., 2018). Many lanthanum-based adsorbents 

including porous lanthanum, biochar/lanthanum and graphene/lanthanum have been 

developed to improve the removal of phosphate from wastewater (Fang et al., 2018). Hence, a 

combination of La onto the support materials enhances both adsorption kinetics and capture 

capacity. Some nano-sized materials may require a supporting matrix or modification with 

Fe3O4 for magnetic separation. A study showed that magnetite nanoparticles have a limited 

adsorption capacity while a La –decorated magnetite showed a significantly enhanced 

adsorption capacity for phosphate (Fu et al., 2018). One of such types of adsorbents is La 
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(OH)3/Fe3O4 composite. The main benefits of La (OH)3 /Fe3O4 composites for phosphate 

removal are their ability to strongly bind phosphate under diverse environmental conditions 

(e.g., over a wide pH range, in the presence of diverse aqueous constituents) and excellent 

selectivity (W. Y. Huang et al., 2014). The maximum phosphate uptake capacity of  

La(OH)3/Fe3O4 composites correlates primarily with the La content of  La(OH)3/Fe3O4 

composites, whereas reaction kinetics are influenced by  La(OH)3/Fe3O4 composites, 

formulation and ambient environmental conditions (e.g. pH, presence of coexisting ions, 

ligands, organic matter) (Song et al., 2020).  

The higher phosphate adsorption capacity of La(OH)3/Fe3O4  to other La-based sorbents could 

be understood from the differences in the contents of active sites (i.e., La) that are responsible 

for phosphate uptake, the density of surface hydroxyl groups on the active sites, and the 

surface charge on the adsorbent surface. The La(OH)3/Fe3O4  has  La content of 27.8%, which 

is much higher than that of Fe3O4@SiO2@La2O3 (11.2%) and is comparable to La(OH)3-

modified exfoliated vermiculites (31.2%) (W. Y. Huang et al., 2014). Higher La content leads 

to higher phosphate adsorption capacity, as La mainly serves as active sites for phosphate 

adsorption. In addition, phosphate uptake by La-based adsorbents has been shown to occur 

through ligand exchange at surface hydroxyl sites and electrostatic attraction (Zheng et al., 

2021). 

                  

              

Figure 3: Schematic illustration of the phosphate sorption mechanism on the Fe3O4/ La(OH)3 

composite (Ahmed & Lo, 2020). 
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It has been speculated that mechanisms of phosphate adsorption by La-based materials 

include electrostatic interactions (S. Dong et al., 2017),  ion exchange (Xie et al., 2014), 

ligand exchange (L. Zhang et al., 2012 ;S. Dong et al., 2017), Lewis acid-base interactions (L. 

Zhang et al., 2012), and inner-sphere complexation (W. Wu & Maravelias, 2019). Mostly, 

ligand exchange and electrostatic attractions are the main mechanisms that jointly facilitated 

the adsorption of phosphate (Fu et al., 2018). 

2.6. Kinetics of Adsorption 

Adsorption is one of the most widely applied techniques for pollutant removal from 

contaminated   media. When adsorption is concerned, thermodynamic and kinetic aspects 

should be involved to know more details about its performance and mechanisms. Kinetic 

performance of a given adsorbent provides great significance for the pilot application. 

Adsorption kinetics is the measure of the adsorption uptake with respect to time at a constant 

pressure or concentration and is employed to measure the diffusion of adsorbate in the pores. 

From the kinetic analysis, the solute uptake rate, which determines the residence time required 

for completion of adsorption reaction, may be established. Also, one can know the scale of an 

adsorption apparatus based on the kinetic information (Qiu et al., 2009). Kinetics study helps 

to select optimum operating conditions for the full-scale batch process, which have been 

applicable to investigate the mechanism of adsorption and potential rate-controlling steps. 

Kinetic parameters are significant for the prediction of adsorption rate, and give useful 

information for designing and modeling the adsorption processes (Batool et al., 2018). Several 

kinetic models such as the pseudo first- and second-order equations, intra-particle diffusion 

and Elovich equations are used to interpret the time dependent experimental data and examine 

the controlling mechanism of adsorption process (Rodrigues and Silva, 2009; Chen et al., 

2007).  

2.6.1. Pseudo-first-order model 

The first-order model is believed to be the earliest model and it was developed by Lagragren 

in 1898 (Qiu et al., 2009). To describe the kinetic process of liquid-solid phase adsorption, it 

is generally used in the form proposed by Ho and McKay as:-  

         𝐿𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = −
𝐾1

2.303
𝑡 + 𝐿𝑜𝑔𝑞𝑒                                                                          (1) 
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Where qe and qt (mg/g) are the adsorption capacities at equilibrium and at a time t (min), 

respectively, K1 (min-1) is the pseudo first order rate constant for the kinetic model (Y. Wang 

et al., 2021).  

2.6.2. Pseudo-second-order model  

It was not very popular until 1999 when Ho and McKay analyzed a number of experimental 

results taken from the literature, and arrived at the conclusion that, “for all of the systems 

studied, the pseudo-second order reaction kinetics provide the best correlation of the 

experimental data” (Simonin, 2016). Currently, the pseudo-second-order rate equation, 

popularized by Ho and McKay, is probably the most widely used model for adsorption 

kinetics. Most of the time this equation is used when the first-order model fails and the 

equation for this model is written as:- 

     
𝑡

𝑞𝑡
=  

1

𝐾2𝑞𝑒2
+  

1

𝑞𝑒
𝑡                                                                                      (2) 

where qe(mg/g)  is the adsorption capacities at equilibrium; K2(g/(mg min))  is the equilibrium 

rate constant of pseudo-second order adsorption (W. Y. Huang et al., 2014;S. J. Liu et al., 

2016;Song et al., 2020). 

2.7. Adsorption Isotherm Models 

Adsorption isotherms have been of great importance to research dealing with environmental 

protection and adsorption techniques. An adsorption isotherm is a graph that represents the 

variation in the amount of adsorbate adsorbed on the surface of the adsorbent with the change 

in pressure at a constant temperature. The adsorption isotherm experiments were used to 

determine the maximum phosphate adsorption capacities of the adsorbent. It the most suitable 

way to evaluate the adsorption process as well as to understand the interrelation between the 

amounts of adsorbate on the adsorbent surface to its concentration (Ayawei et al., 2017). The 

adsorption isotherm models are used to describe the phenomenon governing the retention or 

release of a substance from the aqueous porous media or aquatic environments to a solid 

phase at a constant temperature and pH. Among numerous isotherm models, Langmuir and 

Freundlich isotherm models are most widely used models to describe the single-solute 

adsorption because of the corresponding simple mathematical forms and excellent fitting 

performance (Hu & Zhang, 2019). 
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In this study, Langmuir and Freundlich models were used to fit the isotherms data for the 

adsorption of phosphate at pH = 5 and room temperature for assessing the adsorption behavior 

of the adsorbents. 

2.7.1. Langmuir adsorption isotherm model 

The Langmuir adsorption isotherm is used to describe the equilibrium between adsorbate and 

adsorbent system, where the adsorbate adsorption is limited to one molecular layer at or 

before a relative pressure of unity is reached. The isotherm initially proposed by Langmuir in 

1918 is generally suitable for describing the chemisorption process when ionic or covalent 

chemical bonds are formed between the adsorbent and the adsorbate. The Langmuir 

adsorption isotherm describes the surface as homogeneous, assuming that there is no lateral 

interaction between adjacent adsorbed molecules when a single molecule occupies a single 

surface site. Langmuir adsorption isotherms are based on the assumption that the reactive 

groups are homogeneously distributed over the particulate's surface and that there is no lateral 

interaction. Langmuir pictured monolayer formation to occur on the basis of a specific 

binding interaction between adsorbate molecules and distinct solid surface sites. This picture 

was originally founded on the results of experiments performed with hydrogen and other 

small molecules in the presence of heated metal filaments at very low pressures. In Langmuir 

1918, this model was already broadly generalized to include cases where monolayer or 

multilayer formation occurs as well as cases ranging from highly regular surfaces to 

completely amorphous surfaces containing an abundance of different adsorption sites. The 

Langmuir theory of adsorption is useful for modeling and designing engineering processes, 

both qualitatively and quantitatively (Swenson & Stadie, 2019).The Langmuir model assumes 

that there is no interaction between the adsorbate molecules and the adsorption is localized in 

a monolayer form (Limousin et al., 2007). The Langmuir adsorption isotherm shows the 

equilibrium distribution of the ions between the solid and liquid phases. This model has been 

successfully applied to many real adsorption processes (Bilgiç & Çimen, 2019).The equation 

for Langmuir adsorption isotherm can be described as:-  

    
𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚
𝑐𝑒 +  

1

𝑞𝑚𝐾𝐿

                                                                                    (3) 

     𝑅𝐿 =  
1

1+𝐾𝐿𝐶0
                                                                                                                 (4) 

https://www.sciencedirect.com/topics/engineering/adsorbed-molecule
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Where, Ce = the equilibrium concentration of phosphate in the solution (mg/L), qe = the 

amount of phosphate adsorbed per gram of the adsorbent at equilibrium (mg/g), qm = 

maximum monolayer coverage capacity (mg/g) or the maximum uptake corresponding to the 

site saturation, and KL = Langmuir isotherm constant (L/mg) representing the ratio of 

adsorption and desorption rates. The separation factor RL in eq (4) was used to evaluate the 

nature of the Langmuir isotherm. The RL value tells the type of isotherm to be unfavorable 

(RL > 1), linear (RL=1), irreversible(RL=0), 0<RL<1 means that the reaction is well 

reversible, and favorable (RL<1) (Y. Zhang et al., 2020; Y. Wang et al., 2021; Ajmal et al., 

2018). 

2.7.2. Freundlich adsorption isotherm model 

The Freundlich isotherm model is an empirical relationship describing the adsorption of 

solutes from a liquid to a solid surface and assumes that different sites with several adsorption 

energies are involved. Freundlich isotherm model is the most important multi-site adsorption 

isotherm for heterogeneous surfaces (Deliyanni et al., 2007). It is one of the oldest models 

which are extensively used; it was developed by Freundlich in 1932. The Freundlich 

adsorption isotherm model is an empirical model expressed by the equation: 

    𝐿𝑜𝑔𝑞𝑒 =  
1

𝑛
𝐿𝑜𝑔𝐶𝑒 + 𝐿𝑜𝑔𝐾𝐹                                                                                            (5) 

Where qe is the amount of phosphate adsorbed per gram of the adsorbent at equilibrium 

(mg/g), Ce is the equilibrium concentration of phosphate in the solution (mg/L), KF is the 

Freundlich constant denoting adsorption capacity of the adsorbent (mg/g) or the distribution 

coefficient that represents the quantity of adsorbate adsorbed onto adsorbent for unit 

equilibrium concentration, n is the heterogeneity factor which is related to the intensity of 

adsorption (mg/L), and 1/n is an empirical constant related to the magnitude of the adsorption 

or surface heterogeneity. It also indicates the relative distribution of the energy and the 

heterogeneity of the adsorbate sites (Ayawei et al., 2017). A linear plot of Logqe versus 

LogCe provides the KF and n values. The Freundlich isotherm model is responsible for the 

heterogeneity of the adsorbent sites. For this study, Langmuir and Freundlich adsorption 

isotherm models were employed to describe the experimental results of phosphate ions 

adsorption.  
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2.8. Characterization of Nanoparticles and Composite  

The characterization of nanomaterials is important for understanding their properties and 

applications. Characterization of noble metal nanoparticles for various applications is current 

areas of research. Strategies used for their fabrication and characterization are going to be 

improved day by day. Control over size and shape of nanoparticles is very important for their 

potential applications in various fields (Begum et al., 2018). The common methods used for 

the characterization of nanoparticles include, Ultraviolet visible (UV–Vis) spectroscopy, 

Scanning electron microscopy (SEM), Transmission electron microscopy (TEM), low energy 

electron diffraction (LEED), Extended X-ray absorption fine structure (EXAFS) used for the 

detection of surface topography, and Secondary ion mass spectroscopy (SIMS), Auger 

electron spectra (AES), Electron probe microanalysis (EPMA) (Mohammad Lou et al., 2016; 

Mourdikoudis et al., 2018).  Each technique has its own advantages and disadvantages and it 

is hard to compare one technique to another because each technique has a specific purpose 

and used to get a specific information that cannot be obtained from the other one (K. Zhang et 

al., 2015). 

2.8.1. Fourier transform infrared spectroscopy 

 Fourier Transform Infrared, the preferred method of infrared (IR) spectroscopy. In IR 

spectroscopy, IR radiation is passed through a sample. Some of the IR radiation is absorbed 

by the sample and some of it is passed through (transmitted). The resulting spectrum 

represents the molecular absorption and transmission, creating a molecular fingerprint of the 

sample. As two finger prints never match, similarly no two unique molecular structures 

produce the same IR spectrum (Yao et al., 2015). The functional groups of the materials were 

determined by using FTIR spectrometer. The infrared spectra is a fingerprint for identification 

by the comparison of the spectra from an ‘’unknown’’ with previously recorded reference 

spectra. The vibrational spectra of a molecule are considered to be an important physical 

property. It is a unique characteristic of the molecule. In the absence of a suitable reference 

database, it is possible to effect a basic interpretation of the spectrum from first principles, 

leading to characterization, and possibly even identification of an unknown sample (Coates, 

2006). However, the application of FTIR in the characterization of functionalized 

nanoparticles could be difficult because it may not reveal the chemical bonds between the 
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nanoparticles and the functional molecules based on a database of known vibration 

frequencies. This is because the chemical bond between the functionalized molecules and the 

nano-material is usually novel, and thus, a strategy must be developed in order to provide 

evidence about the resonant vibration information between the grafted molecules and the 

nano-sized particles (Baudot et al., 2010). Biomolecules those are responsible for capping, 

reduction and stabilizer, are identify by using FT-IR (Ijaz et al., 2020). 

2.8.2. X -ray diffraction  

XRD is used for the determination of crystal structure, calculation of crystalline nanoparticles 

size and for confirmation of nanoparticles (Ijaz et al., 2020). The crystalline structure of 

nanoparticles can be calculated by using Debye Scherrer s equation (Muniz et al., 2016). The 

approximate average crystallite size of nanoparticles was determined by applying the Scherer 

formula:  

           D =  
0.9λ

βcosθ
                                                                                                                (6) 

Where D is the average particle size, λ wave length of the Cu-Kα irradiation, β the full width 

at half maximum intensity of the diffraction peak and θ is the diffraction angle. It provides 

information on structures, phases, preferred crystal orientations (texture), and other structural 

parameters, such as average grain size, crystallinity, strain, and crystal defects. XRD peaks 

are produced by constructive interference of a monochromatic beam of X-rays scattered at 

specific angles from each set of lattice planes in a sample. The peak intensities are determined 

by the atomic positions within the lattice planes. An online search of a standard database for 

X-ray powder diffraction patterns enables quick phase identification for a large variety of 

crystalline samples (Thurston et al., 2017). 

 2.8.3. Scanning electron microscope  

SEM gives high resolution images of the surface of a sample. Output image formed by using 

SEM in which electron is used instead of light used to characterized shape, size, morphology 

and distribution of synthesized nanoparticles (Ijaz et al., 2020). The scanning electron 

microscope works as same principle as an optical microscope, but it measures the electrons 

scattered from the sample rather than photon. Because electrons can be accelerated by an 
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electric potential, the wavelength can be made shorter than the one of photons. This makes the 

SEM capable of magnifying images up to 200,000 times and measures the particle size and 

characterization, Conductive or sputter coated sample involved and the sensitivity down to 

1nm (Kaur & Kaur, 2019). 

2.8.4. Brunauer-emmett -teller (BET) characterization 

Brunauer–Emmett–Teller (BET) theory aims to explain the physical adsorption of gas 

molecules on a solid surface and serves as the basis for an important analysis technique for 

the measurement of the specific surface area of materials. Specific surface area is a scale 

dependent property, with no single true value of specific surface area definable, and thus 

quantities of specific surface area determined through BET theory may depend on the 

adsorbate molecule utilized and its adsorption cross section. The fundamental element of BET 

theory is associated with the adsorption of a gas on the material's surface. This phenomenon is 

caused by van der Waals forces that are created by a film of the adsorbate, which consists of 

atoms, ions, or molecules on the surface of a substance that adsorbs these particles. The 

process of adsorption can be physical or chemical. While physical adsorption is related to van 

der Waals forces, chemical adsorption is a result of the chemical reaction between the solid 

and the adsorbate. The amount of the adsorbed gas on the adsorbent material can be correlated 

with its surface area (Ambroz et al., 2018). The BET gas adsorption method has become the 

most widely used characterization method for the determination of the surface area of finely-

divided and porous materials. Because adsorption is a surface phenomenon, the degree of 

adsorption is proportional to the specific surface area. So the amount of adsorption 

accomplished per unit weight of solid adsorbent is greater if the solid is more finely divided 

and more porous. Substances like porous carbon, zeolite and silica gel are excellent 

adsorbents because they have a highly porous structure and hence have a large surface area 

(Crini et al., 2019). 

2.8.5. Thermal gravimetric and differential thermal analysis  

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of thermal 

analysis in which the mass of a sample is measured over time as the temperature changes. 

This measurement provides information about physical phenomena, such as phase transitions, 
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absorption, adsorption and desorption; as well as chemical phenomena including 

chemisorption, thermal decomposition, and solid-gas reactions (e.g., oxidation or reduction) 

(Mani et al., 2010). Differential Thermal Analysis (DTA) is a technique in which the 

difference in temperature between the sample and a reference material is monitored against 

time or temperature while the temperature of the sample, in a specified atmosphere, is 

programmed. In DTA, the material under study and an inert reference are made to undergo 

identical thermal cycles, (i.e., same cooling or heating programme) while recording any 

temperature difference between sample and reference. This differential temperature is then 

plotted against time, or against temperature (DTA curve, or thermogram). Changes in the 

sample, either exothermic or endothermic, can be detected relative to the inert reference. 

Thus, a DTA curve provides data on the transformations that have occurred, such as glass 

transitions, crystallization, melting and sublimation. The area under a DTA peak is the 

enthalpy change and is not affected by the heat capacity of the sample. Thermogravimetric 

analysis is conducted on an instrument referred to as a Thermogravimetric analyzer. A 

Thermogravimetric analyzer continuously measures mass while the temperature of a sample is 

changed over time. Mass, temperature, and time are considered base measurements in 

thermogravimetric analysis while many additional measures may be derived from these three 

base measurements. Thermogravimetric analysis is a widely used technique to obtain precise 

weight loss profile during thermal decomposition (Saadatkhah et al., 2020, Kumar et al., 

2009). 

2.9. Physicochemical Characteristics and Treatments of ASTU Wastewater 

In the ASTU WWTP, biological treatment process with activated sludge technology with 

anaerobic sludge digestion and aerobic digestion was established.  The wastewaters from the 

university environment come to the treatment plant through sewer network by gravity. The 

first stage in the WWTP is the screening for the removal of coarse material that if not 

removed, would damage the subsequent equipment and reduce process effectiveness. 

Generally, the screen is installed before grit removal units. The sand trap removes grit 

consisting of sand, gravel and other heavy solid materials that have subsiding velocities by 

0.3m/s. A primary sedimentation is used to remove the undissolved organic material from the 

wastewater and therefore reduces the pollution load in the following biological process steps. 

The removed organic material, named as primary sludge, mainly contains of readily 
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biodegradable agents and is perfectly suited for further anaerobic digestion due to its high 

methane and other gases yield. The second stage in the wastewater treatment plant is the 

activated sludge process. This process is a common treatment method and has been 

implemented worldwide. The aeration tanks are dimensioned for the carbonaceous 

biochemical oxygen demands and chemical oxygen demands removal as well as nitrification 

and de-nitrification for the nitrogen removal. After some time, the mixture of biological solids 

is passed from the aeration tanks into the final sedimentation tanks, where some of the settled 

sludge is recycled to maintain the desired concentration of organisms in the reactor. The 

excess sludge is removed from the system and discharged to the imhoff tanks for the digestion 

and ultimately to sludge drying beds for the dewatering prior to the compositing.  Even 

though the wastewater of the university is discharged by separate systems, groundwater and 

surface water will infiltrate into the sewer network. 

2.9.1. Preliminary treatment 

Preliminary treatment includes steps like screening which is the treatment process that used 

for removing coarse materials such as plastic, solids, rags, fats from the kitchen that 

significantly interfere the process and damage the plant equipment if not removed, and grit 

removal which is the essential process to remove substances such as sand, slit, glass, small 

stone as well as other large sized organic and inorganic substance that block operations and 

pumps of the reactors. The velocity of the channel must be kept at 0.3m/s. If the velocity 

below this value organic matters are settled in the channel as the sand. So this affects the 

process in the imhoff tank. If the velocity is above this value the inorganic matters are not 

settled instead it is flushed out of the channel and enters to the next step. 

2.9.2. Primary treatment 

The objective of primary treatment is the removal of settleable organic and inorganic solids 

by sedimentation, and the removal of materials that will float (scum) by skimming. 

Approximately 25 to 50% of the incoming biochemical oxygen demand (BOD5), 50 to 70% 

of the total suspended solids (TSS), 9% of total nitrogen, 11% of total phosphorous, and 65% 

of the oil and grease are removed during primary treatment. Some organic nitrogen, organic 

phosphorus, and heavy metals associated with solids are also removed during primary 
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sedimentation. It may be considered sufficient treatment if the wastewater is used to irrigate 

crops that are not consumed by humans or to irrigate orchards, vineyards, and some processed 

food crops. Settled solids (primary sludge) are normally removed from the bottom of tanks by 

sludge rakes that scrape the sludge to a central well from which it is pumped to sludge 

processing units. Scum is swept across the tank surface by water jets or mechanical means 

from which it is also pumped to sludge processing units. This process is anaerobic digestion 

process for 60 days at the temperature of 15oC which have the volume of 2709m3. The 

product of this treatment stage are sludge, gas and the over flow water which enters into 

aeration tank. 

2.9.3. Secondary treatment 

The objective of secondary treatment is the further treatment of the effluent from primary 

treatment to remove the residual organics and suspended solids. Aerobic biological treatment 

is performed in the presence of oxygen by aerobic microorganisms (principally bacteria) that 

metabolize the organic matter in the wastewater, thereby producing more microorganisms and 

inorganic end-products (principally CO2, NH3, and H2O). Several aerobic biological processes 

are used for secondary treatment differing primarily in the manner in which oxygen is 

supplied to the microorganisms and in the rate at which organisms metabolize the organic 

matter. It uses biological processes to convert dissolved, suspended, and colloidal organic 

pollutants to more stable solids, which can be removed by settling. 

 Aerobic attached-growth treatment processes are those processes that utilize microorganisms 

that grow on a medium, such as stones and discs, to remove organic matter found in 

wastewater. They can also be used to achieve nitrification which is the conversion of 

ammonia to nitrate/nitrite. This treatment stage requires mixer and aerator. The function of 

aerator is giving oxygen to organic bacteria in order to grow and digest the organic pollutants 

in the waste water as well as it is used for making the activated sludge do not  settled. It is 

operated for 1hour then the mixer opened. The mixer was used for mixing the wastes for the 

sake of activated sludge not settled and as well as for the purpose of nitrogen gas removal by 

de nitrification and formation of nitrate and nitrite by nitrification process. Mixer is also used 

for the balancing food to microorganism ratio. The aeration tank is designed as rectangular 

basins with circular flow, in which aerated areas act as carbon removal zones whereas 
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unaerated areas act as nitrogen removal zones. The aeration tank has a water depth of 3.0 m 

having the volume of 3201m3. Aeration is realized through surface aerators. The oxygen 

supply to the aeration tanks is controlled by oxygen measurement devices. In the aeration 

tank, mixing is important for keeping the wastewater solids (Mixed liquor suspended solids, 

MLSS) in suspension. The aerators serve as both oxygen supplier and mixer. In addition to 

aerators, there are submerged mixers that mix the wastewater and keep MLLS in suspension 

in the aeration tank.  

2.9.4. Final sedimentation  

After the aeration tank, the over flow water is entered in to the final sedimentation (Dortmund 

tank). The final sedimentation tank serves as the separation of water and activated sludge. The 

effluent is discharged to the reservoir so called pollution pond where treated waters are stored. 

In order to stabilize the biological system with in the aeration tank, a certain amount of sludge 

is pumped back into it as return sludge. The excess sludge is pumped into the imhoff tank by 

submersible pumps. Return sludge pumps are installed in a pumping station, located between 

the final sedimentation tanks. Two submersible pumps (including one stand-by unit) are 

pumping the return sludge to the aeration tanks.  Excess sludge pumps are installed in a 

pumping station, located among the final sedimentation tanks. The specific effluent 

characteristics of ASTU WWTP are mentioned in table 1. 

Table 1: Effluent characteristics of ASTU WWTP 

  Parameter Abbreviation Values 

Biological Oxygen Demand BOD 20 -25mg/L 

Chemical Oxygen Demand COD 125 - 134mg/L 

Dry Solids DS 30 -50g/L 

Total Kjeldahl Nitrogen TKN 18 -25mg/L 

Total Phosphorus TP 5 -10mg/L 

Total Dissolved Solid TDS 40 – 75mg/L 

Temperature T 19 – 22 0C 

 pH pH 4.5- 6 



 28 

3. MATERIALS AND METHODS 

3.1. Chemicals 

In this study: Ferric chloride hexahydrate, FeCl3.6H2O (Central Drug House, 99%) and 

Ferrous chloride tetrahydrate, FeCl2.4H2O (Central Drug House, 99%) were used as 

precursors of iron oxide nanoparticles.  Lanthanum (III) chloride tetrahydrate, LaCL3.4H2O 

(Trust Chemical Laboratories, 98%) was used as precursor of La(OH)3 NPs. Sucrose is used 

as  precursor of porous carbon. Sodium hydroxide, NaOH (LOBA CHEMIE PVT.LTD, 98%), 

Hydrochloric acid, HCL (LOBA CHEMIE PVT.LTD, 35.4%), Sodium hydrogen carbonate, 

NaHCO3 (CARELABMED CHEMICALS, 99%) and Tri sodium citrate, Na3C6H5O7 (Vision 

Chemicals, 98%) were used to adjust pH and for completion of the reaction (for precipitation 

process). Deionized water was used to prepare all solutions while Citric acid mono hydrate 

(CAMACHEM, 99%) was used to control the morphology of the adsorbent. Potassium 

dihydrogen phosphate, KH2PO4 (SAMIR TECH-CHEM, 97%) was used to prepare the 

standard solution. Ammonium molybdate solution, (NH4)6Mo7O24·4H2O (LOBA CHEMIE 

PVT.LTD, 99.3%), Potassium antimony tartrate solution, K(SbO)C4H4O6·½H2O (LOBA 

CHEMIE PVT.LTD, 98%) and Ascorbic acid (C6H8O6) solutions were used during UV-Vis 

spectrophotometer measurement. Ethanol (C2H5OH, 98%) was used further removal of 

impurities during synthesizing of nanoparticles and composite.Algae extract was used as 

reducing agent and surface modifier agent. 

3.2. Methods 

3.2.1. Collection and preparation of algae extract 

Fresh green algae, Kappaphycus alvarezii, were collected from ASTU wastewater treatment 

plant.  The collected fresh algae was first washed with tap water and then with Deionized 

water until no impurities remained. After that, the algae was dried under sunlight for 3 days 

and then cut into small pieces. In this study, 10 g of dried algae was weighed and put into a 

150 mL beaker with deionized water and soaked for 24 hr. The mixture was then heated for 20 

minutes at 60oC while stirring occasionally and then allowed to cool at room temperature. 

After that the mixture was filtered by using the Whatman filter paper and then centrifuge   for 
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15 minutes. The resulting extract was used as algae extract solution as shown in the Appendix 

(Figure II-1) (Pratiwi et al., 2019). 

3.2.2. Synthesis of Fe3O4 nanoparticle using algae extract 

Magnetite nanoparticles were developed through green synthesis method. First, 1.99 g of 

ferrous chloride tetra hydrate (M.mass = 199) and 5.41g of ferric chloride hexahydrate 

(M.mass = 270.5) was dissolved into a 150 mL conical flask with 50 mL deionized water to 

make a 2:1 M ratio and 10 mL of the algae extract was added into the same solution to obtain 

a brown colloidal solution under sonication for 10 minutes. Then, a freshly prepared 0.5 M 

NaOH solution was added drop-wise to the above mixture under continuous stirring at 500 

rpm to adjust the pH to11. The solution was refluxed for one hour with continuous stirring at 

70oC to homogenize the solution and also for the completion of the reaction. After that, the 

synthesized Fe3O4 NPs were separated by using a permanent magnet and washed three times 

by using deionized water. The separated Fe3O4 NPs were dried in an oven at around 105oC for 

24 hours. The dried sample was stored in an airtight container for further analysis as shown in 

the Appendix (Figure II-2) (Yew et al., 2016).  

3.2.3. Synthesis of lanthanum hydroxide nanoparticles using algae extract 

Lanthanum hydroxide nanoparticles were synthesized using facile precipitation, following 

hydrothermal treatment methods. The synthesis procedure was as follows: 2.455 g of 

LaCL3·4H2O was dissolved in a 100 mL conical flask with 50 mL deionized water under 

constant stirring at 500 rpm for 30 minute. Then 10 mL of the algae extract was added to the 

dissolved lanthanum chloride solution. 0.5 M NaOH solution was added into the above 

mixture until the pH reached 10 under sonication for 10 minutes. Afterward, the mixture was 

stirred at 80oC for 2 hr and then allowed to continue to react at room temperature for 24 hr to 

ensure that all the La ions completely transformed into La(OH)3 nanocrystals which results a 

yellowish precipitates. The precipitate was washed three times with deionized water and then 

one time with ethanol to remove impurities and dried at 105oC for 12 hr in a hot air oven. The 

dried sample was stored in an air-tight container for further characterization as shown in the 

Appendix (Figure II-3)  (B. Wu et al., 2017). 
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 3.2.4. Preparation of porous carbon 

Porous carbon was prepared hydrothermal carbonization method with slight modifications as 

follows:  approximately 2.5 g of sucrose (C12H22O11) was thoroughly ground with 10 g of 

NaHCO3 in a crucible and deionized water was added step by step to create a paste mixture. 

The paste mixture was then calcined at 400oC for 3 hr in a crucible covered with another 

crucible in a furnace. The resulting blackish powders were mixed with 100 mL of 1M HCL 

solution in a 150 mL conical flask and stirred for 3 hr. The solid product was separated by 

filtration and washed three times with deionized water. The product was freeze- dried in a 

refrigerator at 4oC for 12 hr, and the resulting material is referred to here as porous carbon 

(PC) as shown in the Appendix (Figure II-4) (Koilraj & Sasaki, 2017). 

3.2.5. Synthesis of magnetic porous carbon (MPC) 

Magnetic porous carbon composite was prepared by a hydrothermal process. In brief, Fe3O4 

nanoparticles were developed on porous carbon as follows: 0.20 g porous carbon was 

suspended in 100 mL of deionized water under sonication for 30 minute in a 250 mL flask, 

and 1 g Fe3O4 nanoparticles were added in the porous carbon suspension. Under vigorous 

magnetic stirring at 60oC in water bath for 0.5 hr, 0.5 M NaOH solution was added drop wise 

into the above suspension until its pH increased up to 11. Then 0.25 g of trisodium citrate was 

subsequently added for completion of the reaction and continuously stirred at 500 rpm for 1 hr 

at 80oC. Finally, the product was washed with deionized water and absolute ethyl alcohol 

repeatedly and then dried at 80oC overnight (Joshi et al., 2019). 

3.2.6. Synthesis of La(OH)3@Fe3O4@PC composites 

La(OH)3@Fe3O4@PC nanocomposites were prepared by a precipitation method. The 

precipitation method was adopted because of its simplicity, high efficiency, and low cost. 

La(OH)3@Fe3O4@PC composite was prepared by adding 2 g of the previously synthesized 

magnetic porous carbon (MPC) into a 250 mL conical flask. 100 mL of the algae extract and 

1g of the previously synthesized La(OH)3 nanoparticles were added in to the same flask and 

stirred for 4 hr. Finally, 0.5 M NaOH solutions was added to the reaction mixture containing 

0.5mmol citric acid to adjust the pH to 9 and refluxed at 80oC for 1hr under constant magnetic 

stirring. Citric acid mono hydrate (99.8%) was used to control the morphology of the 

adsorbent. The precipitate was separated by applying external magnet.  The separated 
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composite was washed three times with deionized water and ethyl alcohol respectively, and 

then dried at 105oC overnight. The dried sample was stored in an air-tight container for 

further characterization as shown in the Appendix (Figure II-5)  (Ahmed & Lo, 2020). 

3.3. Characterization 

In this thesis the synthesized nanoparticles; Fe3O4 NPs, La(OH)3 NPs, porous carbon, 

magnetic porous carbon ,and La(OH)3@Fe3O4@PC composite were characterized by Fourier-

transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Scanning electron 

microscope (SEM), Brunauer -Emmett- Teller (BET), and  Thermal gravimetric analysis 

(TGA) methods. 

3.3.1. Fourier-transform infrared spectroscopy (FTIR) characterization 

The FTIR spectra of Fe3O4 NPs, La(OH)3 NPs, porous carbon, magnetic porous carbon ,and 

La(OH)3@Fe3O4@PC composite were recorded by FT/IR6600 spectrometer in the range of 

400 – 4000 cm-1 using the KBr disc method. Fourier Transfer Infrared Spectroscopy was used 

to determine the functional groups in the prepared nanoparticles and nanocomposites. It was 

used to identify the possible biomolecules/functional groups adhered to the surface of the 

nanoparticles and which might have acted as capping agents of the nanoparticles and the 

functional group of nanocomposites.  

3.3.2. X-ray diffraction (XRD) characterization  

The XRD was performed to investigate the crystalline or amorphous nature of the synthesized 

nanoparticles; Fe3O4 NPs, La(OH)3 NPs, porous carbon, magnetic porous carbon ,and 

La(OH)3@Fe3O4@PC composite. The XRD of the nanoparticles and the composite 

adsorbents were tested at ASTU research laboratory of Material Science and Engineering 

Department using an X-ray diffractometer. The mass of approximately 0.5 g of the 

nanoparticles and the composite samples were measured for XRD characterization and filled 

in a sample holder. Then the sample was analyzed by using an X-ray diffractometer with Cu-

Kα radiation source at λ= 1.5418 Å and operating at 40 kV and 30 mA. X-ray diffractograms 

of Fe3O4 NPs, La(OH)3 NPs, porous carbon, magnetic porous carbon ,and 

La(OH)3@Fe3O4@PC composite were obtained for the 2θ angles scan range from 10˚ to 80˚ 

with a scan speed of 3˚/ min, and a counting time of 0.40 sec. 
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3.3.3. Scanning electron microscope (SEM) characterization 

Adsorption of pollutants takes place on the surface of adsorbents. Thus, SEM is one of the 

most widely used surface identification methods. The porous carbon, magnetic porous carbon, 

and La(OH)3@Fe3O4@PC composite are characterized by a scanning electron microscope 

using a high-energy electron, and the out coming electrons are analyzed by applying a 10 kV 

electron acceleration voltage. These coming electrons give information about morphology, 

composition, the orientation of grains, and crystallography information of material. It 

provides information about the surface features and texture, shape, size, and arrangement of 

the particles on the sample surface (Grégorio Crini, Eric Lichtfouse, Lee Wilson, 2018; S. K. 

Sharma et al., 2018). For SEM, 10 mg sample of the nanoparticles and the composite were 

measured from the previously prepared sample and characterized by using scanning electron 

microscope. 

3.3.4. Brunauer-emmett -teller (BET) characterization  

Adsorption is a surface phenomenon. The degree of adsorption is proportional to the specific 

surface area. The adsorption capacity of adsorbents becomes higher if the solid is more finely-

divided and more porous. The BET method can be used for the characterization of various 

types of microporous materials (Ambroz et al., 2018). The porous carbon, magnetic porous 

carbon, and La(OH)3@Fe3O4@PC composite are characterized by the Brunauer-Emmett-

teller instrument. For BET characterization the empty samples cell were weighed using an 

electronic balance and 10.311 g of the samples were placed in the empty sample cells. Then 

the samples were degassed at temperature 150 ˚C for 60 minutes to remove impurity in the 

degas station of pore size and surface area analyzer according to the international union of 

pure and applied chemistry (IUPAC). After degassing, 0.2 g of the samples was placed in the 

analysis station in the range of 0.02 to 0.1 relative pressures and nitrogen gas concentration of 

0.1 using Brunauer-Emmett-teller (BET). 

3.3.5. Thermal gravimetric/ derivative thermogravimetric analysis 

TGA records the weight loss as a function of temperature, while the derivative 

thermogravimetric (DTG) curve gives useful information about thermal decomposition stages 

involved during the overall heating process. The thermal degradation behavior of the 

La(OH)3@Fe3O4@PC adsorbent was observed with a Thermobalance detector, DTG-60H 
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(Model No: C30575100456TK, Korea). Approximately 15.463 mg of test sample was loaded 

into the crucible for analysis in the equipment. The experiment was carried out in an inert 

environment obtained by continuous flow of 50 mL/min of nitrogen gas that was used as non-

oxidizing agent in order to determine the thermal stability of the La(OH)3@Fe3O4@PC 

composite. La(OH)3@Fe3O4@PC adsorbent was heated from 25oC to 900oC at a heating rate 

of 15oC/min. 

3.4. Determination of Total Phosphorus by Ascorbic Acid Method 

50 mL of 5 N Sulphuric acid, 5 mL Potassium antimony tartrate solution, 15 mL Ammonium 

molybdate solution and 30 mL Ascorbic acid solution were added in the order listed to prepare 100 

mL of combined reagent. 8.0 mL of the combined reagent was added to 30 mL of sample solutions 

during every experimental activity for calorimetric determination of phosphate as antimony 

phosphate molybdate complex. Ammonium molybdate and antimony potassium tartrate react in an 

acid medium with dilute solutions of phosphorus to form an antimony-phospho-molybdate 

complex. This complex is reduced to an intensely blue-colored complex by ascorbic acid. The 

color is proportional to the phosphorus concentration. Only orthophosphate forms a blue color in 

this test. The absorbance of the solutions was measured automatically. 

3.5. Batch Adsorption Experiments 

During the adsorption process; dissolved species are transported into the porous adsorbent 

particle by diffusion and are then adsorbed onto the extensive inner surface of the adsorbent. 

The adsorption experiments were carried out in 250 mL Erlenmeyer flasks that contain 100 

mL of phosphate solution. Stock solutions of phosphate were prepared by dissolving 

potassium dihydrogen phosphate (KH2PO4) in deionised water, and phosphate solutions 

within the concentration range of 5–300 mg/L were prepared. Briefly, 100 mL of phosphate 

solutions and 0.2 g of the composite were taken in a 250 mL stopper conical flask. The pH of 

phosphate solution was adjusted using dilute HCl and NaOH solutions by using pH meter. 

Equilibration for all adsorption experiments were done on a rotary shaker. The reaction 

mixture was shaken for 30 min at 200 rpm and 25°C and then separated by a magnet. The 

phosphate concentration of the supernatant was determined by the ascorbic acid method, 

measured at a wavelength of 750 nm using UV–vis spectrophotometer. Various adsorption 

experiments were performed using synthetic phosphate solutions to study the effect of the 
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following parameters on the adsorption of phosphate ions on the surface of the adsorbent. All 

experiments were performed at room temperature (Y. Zhang et al., 2020).  

3.5.1. Effect of pH 

The pH value plays an important role with respect to the adsorption of different ions on the 

adsorbents. The surface charge depends on the pH of the surrounding electrolyte. To study the 

influence of pH on the phosphate adsorption, experiments were carried out by adding 0.1 g of 

the adsorbent into 250 mL Erlenmeyer flask containing 100 mL of 100 mg/L phosphate 

solution and by varying pH of the solutions to 1, 3, 5, 7, 9, and 11 before adsorption 

experiments were carried out while keeping other parameters constant (agitation speed at 200 

rpm, contact time at 1hr and initial phosphate concentration at 100 mg/L). The pH range (1 to 

11) was selected based on the literatures (Fang et al., 2018; Ahmed & Lo, 2020; Lai et al., 

2016). Each time the pH of the solutions were adjusted with dilute HCl or/and NaOH 

solution. The equilibrium phosphate concentration was measured after the solutions were 

agitated for 1 hr. 

3.5.2. Effect of adsorbent dose 

For determining the effect of adsorbent dose for phosphate adsorption, the amounts of 

phosphate ions adsorbed were determined by varying the dose as: 0.05, 0.1, 0.2, 0.4, 0.8 and 1 

g in a 250 mL Erlenmeyer flask with initial phosphate concentration, agitation speed and 

contact time kept constant, and the pH value kept at the optimized value by adding 0.1 M HCl 

or 0.1 M NaOH solutions. The adsorbent dose (0.05, 0.1, 0.2, 0.4, 0.8 and 1 g) was selected 

and studied based on the literature (Y. Wang et al., 2021; Xie et al., 2014; Luo et al., 2021). 

The equilibrium phosphate concentration was measured after the solutions were agitated for 1 

hr. 

3.5.3. Effect of contact time  

For determining the effect of contact time of phosphate adsorption, the amounts of phosphate 

ions adsorbed were determined by varying the contact time as 5, 15, 30, 60, 90, and 120 

minutes in a 250 mL Erlenmeyer flask with pH and adsorbent dose being kept at the 

optimized values whereas, the agitation speed and initial phosphate concentration were kept 

constant. The contact time was selected based on efficiency of La-based adsorbents capacity 
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at these time intervals as different literatures reported (Abebe et al., 2018).The equilibrium 

phosphate concentration was measured after the solutions were agitated for 1 hr. 

3.5.4. Effect of initial concentration 

 To study the effect of initial adsorbate concentration, the experiment was carried out using 

different initial phosphate concentrations (1, 50, 100, 150, 200, 250 and 300 mg/L). The 

initial concentration range was selected based on the literatures reported that La-based 

adsorbents capacity to adsorb phosphate concentration (Ismail et al., 2020). 100 mL of each of 

initial phosphate solution was added into a 250 mL Erlenmeyer flask that contains 0.2 g of the 

adsorbent. Each time the pH of the solution was maintained at the optimized value by adding 

0.1 M HCl or 0.1 M NaOH solutions. The flasks were capped and shacked on rotator shaker 

at 200 rpm for 30 minutes to ensure approximate equilibrium. At the end of the adsorption 

period, each solution were filtered and then analysed for phosphate ions equilibrium 

concentration. 

3.6. Adsorption Kinetics and Isotherm Study 

Both kinetic and isotherm studies were carried out to differentiate the adsorption mechanism 

that occurred through the adsorption process. Effect of Phosphate ions adsorption kinetics was 

determined by varying the contact time as: 5, 15, 30, 60 and 120 minutes by keeping all 

parameters (pH, adsorbent dose, contact time, and initial phosphate concentration) at 

optimized value. It was evaluated by using 0.2 g of adsorbent and placed in several 250 mL 

Erlenmeyer flasks, each containing 100 mL of 50 mg/L phosphate solution. The pH of the 

solution was maintained at the optimized value. The flasks were stoppered and continuously 

shaken at a speed of 200 rpm. The sample solution was immediately filtered of and then 

analyzed for phosphate ions equilibrium concentration. The samples were collected at various 

time intervals. The equilibrium data were fitted to pseudo-first-order (eqn.1) and pseudo-

second-order (eqn.2) model equations. Satisfactory conformity between experimental data and 

the model-predicted values were expressed by the correlation coefficient (R2). 

Phosphate ions adsorption isotherms were determined by varying the initial phosphate 

concentration from 1 to 300 mg/L while keeping all other parameters (pH, adsorbent dose, 

and contact time) at optimized conditions. In separate flasks, 100 mL of solutions containing 

different amounts of initial phosphate ions concentration were added. After the reaction 
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period, all samples were filtered and analysed for the corresponding phosphate ion 

concentration. The equilibrium data were fitted to the Langmuir (eq.3) and Freundlich (eq.5) 

isotherm models to determine the relationship between the adsorption capacity and the 

phosphorus concentration in solution at equilibrium. The amount of phosphate adsorbed onto 

the composite at the equilibrium (qe) was calculated by the following equation: 

     𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑞𝑒) =  
𝐶0−𝐶𝑒

𝑚
 𝑥 𝑉                                                                          (7) 

Where C0 and Ce are the initial and equilibrium phosphate concentrations in solution (mg 

P/L), respectively; V is the volume of solution (L) and m is the mass of adsorbent (g) (Ahmed 

& Lo, 2020). 

3.7. Method of Phosphate Removal from ASTU WWTP Effluent  

To study the phosphate removal efficiency of the synthesized La(OH)3@Fe3O4@PC 

composite, 50 mL sample from the effluent of the treatment plant were added  into three each 

250 mL Erlenmeyer flask that contains 0.2 g of the adsorbent. The pH of the solution were 

maintained at the optimized value by adding 0.1 M HCl or 0.1 M NaOH solutions. The flasks 

were capped and shacked on rotator shaker at 200 rpm at room temperature for 30 minutes to 

ensure approximate equilibrium. At the end of the adsorption period, each solution were 

filtered and then analysed for phosphate ions equilibrium concentration by UV-vis 

spectrophotometry. 

3.8. Regeneration of Synthesized La(OH)3@Fe3O4@PC Composite 

Desorption of adsorbed phosphate with a proper method would be important when one 

considers to reuse the adsorbent for phosphate removal after it was saturated. The desorption 

processes are significant for the regeneration of adsorbents for reuse in other adsorption 

processes. The reusability of the used adsorbent La(OH)3@Fe3O4@PC adsorbent was 

investigated by performing six successive adsorption-desorption cycles of phosphate ions on 

the La(OH)3@Fe3O4@PC adsorbent by using 0.1 M NaOH desorption solution.  The 

adsorption of phosphate by 0.2 g of La(OH)3@Fe3O4@PC adsorbent at pH of 5, initial 

phosphate concentration of 50 mg/L, 200 rpm agitation speed, and contact time of  30 minute 

at 25 °C was done, followed by desorption of adsorbed phosphate with 0.1 M NaOH solution 

after each cycle. After 30 minutes of adsorption of 50 mg/L phosphate solution by the 

nanoadsorbents, phosphate desorption experiments were conducted by reacting the recovered 



 37 

adsorbents in 50 mL of 0.1M NaOH desorption solution on a shaker for 60 minutes at room 

temperature. The supernatant sample was withdrawn for analyzing the phosphate desorption 

efficiency. Then magnetic adsorbent was separated, washed and dried at 600c for 2 hr. 

The reusability of the regenerated adsorbent was calculated for the above adsorption-

desorption experiments six times. In order to assess the possibility of recycling the adsorbent, 

the percentage of phosphate desorbed to adsorb was calculated. Desorption efficiency was 

calculated by the equation: 

     𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛  𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦(%) =  
𝐶𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑

𝐶𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑
 𝑥 100                                                         (8) 

Where Cdesorbed is the amount of the phosphate ion that was removed from the loaded powder 

after desorption study, Cadsorbed is C0 − Ce for each recovery process, C0 is the initial 

phosphate concentration, and Ce is the equilibrium phosphate concentration in mg/L(Abebe et 

al., 2018, Ahmed et al., 2019, Y. Chen et al., 2020). 

 

 



 38 

4. RESULTS AND DISCUSSIONS 

4.1. Characterization 

4.1.1. X-ray diffraction (XRD) analysis results  

                

Figure 4: XRD pattern of PC, Fe3O4NPs, La(OH)3NPs, Fe3O4/PC, and 

La(OH)3@Fe3O4@PC. 

Figure 4 shows the XRD patterns of porous carbon, Fe3O4 NPS, La(OH)3 NPS, and 

La(OH)3@Fe3O4@PC composite. The XRD patterns for the nanomaterials were primarily 

amorphous and only few crystalline phases were detected. The XRD patterns of the prepared PC 

showed a broad reflection at approximately 24o in 2θ which is suggestive of an amorphous 

phase (Koilraj & Sasaki, 2017). The crystal structure of the green synthesized magnetite 

nanoparticles was evidenced by the diffraction peaks, with the strong ones appearing at 2θ 

values of 32, 35, 43, 57, 63, and 75 respectively. These are the characteristic peaks of the pure 

phase magnetite Fe3O4 nanoparticles at 220, 311, 411, 511, 440, and 420 reflections 

respectively. These results corresponds to the standard pattern for cubic magnetite (JCPDS 

No.19-0629) (Ahmed & Lo, 2020; Daneshvar Tarigh & Shemirani, 2013). The diffraction 

peaks revealed that the obtained products were pure spinel phase magnetite Fe3O4  

nanoparticles displaying some reflection peaks in the 2θ region of 10–80° (Yuvakkumar & 
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Hong, 2014). Similar findings was reported for magnetite nanoparticles with intensity of the 

diffraction peaks at 2θ of 35°, 57° and 63° corresponding to the 311,511 and 440 planes of the 

magnetite Fe3O4 structure (JCPDS 75-1609) (Yang et al., 2015;Viju Kumar & Prem, 2018). 

By using Scherer formula eq (6), the calculated average crystallite size of the synthesized 

magnetite NPs was found to be 2.85nm. 

Table 2:The peak positions and crystalline sizes of the synthesized Fe3O4 NPs. 

Peak 

position(2θ) 

FWHM  
 

size of the 

nanoparticle 

(nm) 

Average size 

(nm) 

hkl 

35.34 2.99853 

 

2.780479751 

 

2.852316524 

 

311 

57 3.39241 

 

2.664648093 

 

220 

62.70 2.98916 

 

3.111821727 

 

440 

 

Characteristic peaks at 2θ = 15.74, 27.42, 38.86, 48.28, 55.14, and 63.56  due to reflections 

from 100, 110, 101, 210, 302,  and 211 planes of hexagonal La(OH)3 were observed. These 

six peaks of low intensity correspond to the hexagonal phase of lanthanum hydroxide (JCPDS 

No. 36-1481). All peaks can be perfectly indexed as the pure hexagonal phase (P63/m (176), 

Joint Committee on Powder Diffraction Standards (JCPDS) file number 36-1481) of La(OH)3, 

with lattice constants a = 6.529 Å and c = 3.859 Å. Similar results have been reported 

recently(Fang et al., 2018) (Ahmed & Lo, 2020). By using Scherer formula eq (6), the 

calculated average crystallite size of the synthesized lanthanum hydroxide NPs was found to 

be 10.34 nm.  
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Table 3: The peak position and crystalline size value of the synthesized La(OH)3 NPs. 

Peak 

position(2θ) 

FWHM  
 

size of the 

nanoparticle 

(nm) 

Average size 

(nm) 

hkl 

15.74 0.55626 

 

14.41797601 

 

10.34070974 

 

100 

27.42 0.49855 

 

16.195864 

 

110 

38.86 1.06698 

 

7.612942941 

 

101 

48.28 1.936 

 

5.684196205 

 

 210 

55.14 0.15291 

 

7.792569516 

 

 302 

Diffraction peaks at 2θ = 18, 29, 32, 35, 43, 55, 57, 63 and 74 were mainly observed in the 

synthesized composite which also exist in the synthesized Fe3O4 and La(OH)3 nanoparticles. 

The presence of both Fe3O4 and La(OH)3 diffraction peaks in the nanocomposite indicates a 

crystalline nature of La(OH)3@Fe3O4@PC composite (Mazloumi et al., 2009; Ahmed & Lo, 

2020; Ahmed et al., 2021). This indicates that magnetite and lanthanum hydroxide  

nanoparticles are loaded on the surface of the porous carbon since the composite is less 

crystalline than the magnetite nanoparticles  (Lai et al., 2016). By using Scherer formula eq 

(6), the calculated average crystallite size of the synthesized La(OH)3@Fe3O4@PC composite 

was found to be 10.04 nm.  
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Table 4: The peak position and crystalline size of the synthesized nanocomposites. 

Peak 

position(2θ) 

FWHM size of the 

nanoparticle 

(nm) 

Average size 

(nm) 

18.04 0.63952 

 

12.57786167 

 

10.044953 

 

21.16 0.71126 

 

11.362423 

 

32.31 0.79478 

 

10.35565309 

 

35.67 1.03695 

 

8.047986837 

 

43.32 0.69686 

 

12.26622139 

 

54.80 1.02207 

 

8.715829491 

 

57.37 1.01269 

 

8.942227759 

 

62.99 1.15146 

 

8.091420789 

4.1.2. Fourier-transform infrared spectroscopy (FT-IR) analysis results 

FTIR was used to identify the possible biomolecules/functional groups adhered to the surface 

of the nanoparticles and which might have acted as capping agents of the nanoparticles and 

the functional group of nanocomposites. The FTIR analysis was performed in order to 

establish the changes in the functional groups of the nanoparticles and the composite (Ismail 

et al., 2020; Viju Kumar & Prem, 2018). Fourier Transfer Infrared Spectroscopy (model 

FT/IR6600, JAPAN) was used to determine the functional groups in the prepared 

nanoparticles and nanocomposites.  
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Figure 5: FTIR spectra for the PC, Fe3O4, La(OH)3, MPC and La(OH)3@Fe3O4@PC. 

FTIR spectra of the PC, Fe3O4, La(OH)3, MPC and La(OH)3@Fe3O4@PC PC are provided in 

Figure 5. All of the materials showed a broad band at 3429 cm-1 that corresponds to the O-H 

stretching vibration mode of surface-adsorbed water molecules. The bands at 2919 and 2855 

cm-1 correspond to the aliphatic –C-H stretching vibration mode. A small band observed at 

1620 cm-1 is assigned to the stretching aromatic C=C vibration mode and band at 1369 cm-1 

corresponds to asymmetric –C-H stretching which may be caused by the presence of ester, 

ether, carbonyl, or aromatic functional group on the surface of nanomaterials (B. Chen et al., 

2011). A characteristic peak at around 592 cm-1 corresponds to the Fe-O stretching band of 

magnetite (Fe3O4). This small sharp peak confirms the presence of Fe3O4 NPs. Characteristic 

peaks as the peaks lying in the region between 400 and 600 cm−1 were corresponding to Fe3O4 

(B. Chen et al., 2011; Viju Kumar & Prem, 2018;Yuvakkumar & Hong, 2014).  The distinct 



 43 

band observed at 559 cm− 1 is characteristic of the La-OH bond vibrations in La(OH)3 (Song et 

al., 2020; Koilraj & Sasaki, 2017; Fu et al., 2018). The peak at 1404 cm-1 was related to the 

stretching vibration of the carboxylate group, C=O. The above observed FTIR spectra confirm 

the presence of organic impurities in the sample and some from the algae extract during the 

preparation of the La(OH)3 nanoparticles (mousavi et al, 2015). The peak at about 1034 cm−1 

can be attributed to the carbonate group, which originate from the reaction of La(OH)3 with 

CO2 from air during the analysis (Aghazadeh et al., 2011). The FTIR results clearly indicate 

that the Fe3O4 and La(OH)3 nanoparticles have been loaded into the composite (X. Liu et al., 

2019). 

4.1.3. Scanning electron microscope (SEM) analysis results 

Scanning electron microscopy is used to obtain information on surface morphology and 

provides information about surface area available for adsorption. The size and the 

morphology of the synthesized nanoparticles were confirmed by employing this technique 

(Batool et al., 2018). Surface morphology of the porous carbon, magnetic porous carbon and 

the magnetic composite were examined by using scanning electron microscopy (SEM) to 

investigate the shape, size, and porosity of the materials asshown in Figure 6. Scanning 

Electron Microscopy (JCM-6000PLUS Bench Top SEM JEOL, Japan) was used to determine 

the morphology of the samples. From SEM results it is clear that the nanoparticles 

synthesized possess different structures. The green method adopted synthesized particles 

(Figure 6 B and C) are seems to be more sticky, and have an aggregated form. 

 

Figure 6: SEM images of PC (A), MPC (B) and La (OH)3@Fe3O4@PC composite (C). 

SEM image showed that the prepared carbon is highly porous (Figure 6A). The pores are 

likely created by the expulsion of CO2 during the thermal treatment of the starch during 

carbonization process at 4000c (Koilraj & Sasaki, 2017). Figure 6B shows the SEM image of 
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Fe3O4/PC(MPC), from which it can be seen that Fe3O4 nanoparticles are sufficiently loaded 

on the porous carbon , and aggregation occurred due to the magnetic properties of Fe3O4, 

leading to the uneven distribution of Fe3O4 on the surface of the porous carbon (Y. Wang et 

al., 2021). In addition, the SEM image (Figure 6C) showed that La(OH)3 covered the surface 

of MPC in an irregular shape during the synthesis process. La(OH)3@Fe3O4@PC composite 

exhibited agglomeration of particles with a rough surface, which was attributed to the further 

loading of La(OH)3 (Figure 6C) (Y. Chen et al., 2020). The SEM image in Figure 6C showed 

that the La(OH)3@Fe3O4@PC composite has a more compact structure than the porous 

carbon as well as the magnetic porous carbon.  There is an aggregation of particles that cannot 

be observed in SEM micrographs (Ahmed et al., 2021). A close investigation of the surface 

structures which was obtained by the high-magnification SEM (Figure 6), shows that the 

whole rough surface is stacked by multilayer nanoparticles aligned irregularly in different 

dimensions (Xie et al., 2014; Aghazadeh et al., 2011; Zheng et al., 2021). 

4.1.4. Brunauer-emmett-teller (BET) analysis results  

The BET analysis was done by using a Horriba surface area analyzer with model number SA-

9600. The BET specific surface area of the synthesized PC was found to be 374.1m2/g.  After 

being coated with a layer of magnetite nanoparticles, the surface area decreased to 

151.450m2/g.  Functionalization of the surface of magnetic porous carbon by lanthanum 

hydroxide nanoparticles caused further decrease in surface area to 103.264m2/g.  The decrease 

of the BET surface area may be due to the formation of aggregated nanocomposites and the 

increase in the particle size of the nanocomposites.  The BET isotherm type is type I, C 

=190.6(C> 150), micro porous material with pore diameters less than 2 nm with monolayer 

volume of 0.009. Pseudo-Langmuir isotherm with monolayer adsorption process and 

micropore filling occurs. Similar results were also observed in other La-based adsorbents (B. 

Wu et al., 2017, Lai et al., 2016). These changes in structure characteristics may be attributed 

to the incorporation of lanthanum hydroxide inside the mesoporous or aggregation onto the 

surface of magnetic porous carbon. However, the obtained results suggested that lanthanum 

can be successfully incorporated into the mesoporous structure of magnetic porous carbon 

(He et al., 2017; Y. Zhang et al., 2020). 
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4.1.5. Derivative thermogravimetric and thermogravimetric analysis results 

From the derivative thermogravimetric (DTG) graph as shown in Figure7, the maximum 

thermal degradation temperature of the La(OH)3@Fe3O4@PC adsorbent was around 408oC. 

Thermal decomposition of La(OH)3@Fe3O4@PC adsorbent occurred in three stages. First 

stage of the decomposition occurred at a temperature of 71.10oC (-6.28uV) which 

corresponded to an initial weight loss of around 0.5% or around 0.0773mg. This may be due 

to the moisture evaporation or low molecular weight volatile compounds (Saadatkhah et al., 

2020, Ramos Filho et al., 2005). Second stage of the decomposition contributed to a major 

weight loss of about 2.302mg at a temperature of 407.75oC (47.70uV). This weight loss is 

around 14.887% of the total initial weight. This major weight loss may be due to the 

decomposition of the adsorbent in to other forms by releasing carbon dioxide or carbon 

monoxide gases. This result implies that La(OH)3@Fe3O4@PC adsorbents have low thermal 

stability. In the final stage, from temperature range of 500-900oC, the weight loss curve was 

almost flat. There is no decomposition of La(OH)3@Fe3O4@PC adsorbent at this temperature 

range. This may be because the adsorbent is converted in to non-volatile inorganic ashes 

(Saadatkhah et al., 2020). Thus the suitable working temperature of the La(OH)3@Fe3O4@PC 

adsorbent should be below 300oC since the composite is more stable at this temperature range. 

For the DTA curve obtained according to Fig. 7 in the low-temperature range of T=50oC–

200oC, an endothermic effect was found for the nanocomposite under study. The maximum 

value of exothermic peak temperature, Tmax = 408oC is observed for the 

La(OH)3@Fe3O4@PC adsorbent. It should be noted that the shift of exothermic peak to the 

high-temperature region indicates not only 

improved cohesive properties, but also the thermal stability under the influence of a thermal 

field. On the basis of the performed thermogravimetric and differential thermal analyses, it 

can be stated that the La(OH)3@Fe3O4@PC adsorbent has the high heat 

resistance characteristics (Buketov et al., 2014). 
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 Figure 7: TGA/DTG plots of La(OH)3@Fe3O4@PC adsorbent(initial heating rate is 

150C/min). 

4.2. Optimization for Removal of Phosphate from Wastewater 

4.2.1. Effect of pH 

The effects of pH on the phosphate adsorption by La(OH)3@Fe3O4@PC adsorbent was 

studied over a wide pH range from 1up to 11, at a phosphate concentration of 100 mg/L. 

According to the results shown in Figure 8, it is obvious that the adsorption of phosphate ion 

on the La(OH)3@Fe3O4@PC adsorbent was strongly pH-dependent. It shows that the 

phosphate removal extents of the adsorbent gradually increase when pH increases from 

3(99.838%) to 5(99.934%), while the removal extents starts to decrease at pH 7(94.416%). 

The phosphate removal extent of the La(OH)3@Fe3O4@PC adsorbent decreases at a higher 

pH value and reaches  to 85.053% removal extent at a pH of 11. The decrease in the 

phosphate adsorption efficiency at pH < 5 may be due to the formation of phosphoric acid 

from phosphate when the environment becomes highly acidic (Deliyanni et al., 2007) as well 

as dissolution of La from La(OH)3@Fe3O4@PC adsorbent, which was supported by La 

leaching test mentioned in other studies (Fang et al., 2018; He et al., 2017). It is known that 

phosphoric acid can dissociate to form different ionic species of H2PO4
−, HPO4

2−, and PO4
3−, 

depending on the pH of solution as expressed by the following reaction: 
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       H3PO4  H2PO4
− + H+, pKa1 = 2.15  

       H2PO4
− HPO4

2− + H+, pKa2 = 7.20 

       HPO4
2− PO4

3− + H+, pKa3 = 12.33 (W. Y. Huang et al., 2014). When the pH value is 

between 2.15 and 7.20, the main species in the solution is monovalent H2PO4
−. Meanwhile, 

lanthanum is most likely present in its protonated form of La(OH)2
+. The high adsorption 

capacity (Figure 8), observed in the pH range of 3–5, indicates that the lanthanum deposited 

on the magnetic porous carbon surface works as an active site, providing a great affinity to the 

monovalent phosphate species H2PO4
−. This is related to the surface charge on the 

La(OH)3@Fe3O4@PC adsorbent. According to several studies, La-based adsorbents have 

positive surface charge at a pH below 7 (Ahmed & Lo, 2020; B. Wu et al., 2017). The 

positive surface charge of the La(OH)3@Fe3O4@PC adsorbent  at low pH favours 

electrostatic interaction and leads to an enhanced removal capacity (Makita et al., 2020, 

Ahmed & Lo, 2020). The efficiency of the La(OH)3@Fe3O4@PC adsorbent to adsorb 

phosphate decreases at relatively high alkaline conditions because the fraction of bivalent 

HPO4
2- species gradually increases and predominates in water in addition to the presence of 

monovalent H2PO4
- species (Fang et al., 2018). The adsorbent surface could have lower 

affinity for divalent HPO4
2- compared to monovalent H2PO4

-.  Previous studies also suggested 

that lanthanum ions have greater affinity for monovalent H2PO4
- due to the hydroxylation of 

lanthanum ions (L. Zhang et al., 2011). Such behavior has also been observed during 

phosphate adsorption onto other La-based adsorbents (Fang et al., 2018; Ahmed & Lo, 2020; 

Lai et al., 2016). The adsorption of phosphate by the composites was believed to have 

occurred through surface complexation/precipitation with La(OH)3 via ligand exchange, 

which was supported by an increase in the pH of the solution. Precipitation with surface-

adsorbed La3+ ions also likely occurs due to the low KSP of LaPO4 (KSP = 3.7 X 10-23). 
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Figure 8: Effect of pH on the removal of phosphate [Co = 100 mg/L, dose = 0.1 g, agitation 

speed = 200 rpm and contact time = 1 hr]. 

4.2.2. Effect of dosage 

The phosphate removal rate and adsorption capacity at different adsorbent dosing levels were 

investigated to determine the appropriate dose level of La(OH)3@Fe3O4@PC adsorbent. The 

influence of adsorbent dosage on phosphate removal was studied by varying the 

La(OH)3@Fe3O4@PC adsorbent  dose from 0.05 to 1 g/L and by keeping other variables 

constant like pH at 5 , contact time at 60 min, 100 mg/L initial phosphate concentration, 

agitation speed at 200 rpm and at room temperature. The results in Figure 9 shows that  the 

percent removal of phosphate by the La(OH)3@Fe3O4@PC adsorbent rapidly increase from 

94.051% to 99.928% as the dose changes from 0.1 to 0.2 g. This increase in percent removal 

with an increase in La(OH)3@Fe3O4@PC adsorbent dose may be due to the availability of 

more active sites in the adsorbent surface (Abebe et al., 2018).  Increased adsorbent dosage 

implied a greater surface area and a greater number of binding sites available for the constant 

amount of phosphate. It is also observed that a further increase of adsorbent dose from 0.2 to 

1 g, the percent adsorption increases less significantly. This result is in an agreement with the 

findings of phosphate adsorption to other lanthanum-based sorbents (Y. Wang et al., 2021; 

Xie et al., 2014; Luo et al., 2021). Thus, the adsorbent dose was maintained at 0.2 g in all the 

subsequent experiments, which was considered to be sufficient for the removal of phosphate. 

Therefore, as shown in Figure 9, the percent removal (%) of phosphate initially increased 

sharply with increasing La(OH)3@Fe3O4@PC adsorbent dose, reaching nearly 100%.  It is 

worth noting that by adopting an appropriate La(OH)3@Fe3O4@PC adsorbent dosage, near 
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complete removal of phosphate from aqueous solutions could be achieved as it can be seen in 

the appendix(I). 

                    

 

Figure 9: Effect of adsorbent dose on the removal of phosphate [Co = 100 mg/L, agitation 

speed = 200 rpm, pH = 5, and contact time = 1 hr]. 

4.2.3. Effect of contact time 

The effect of contact time between the adsorbate ions and La(OH)3@Fe3O4@PC adsorbent on 

the adsorption efficiency of phosphate  were investigated by experimenting with 5, 15, 30, 60, 

90, and 120 minutes  of contact time at 200 rpm agitation speed at room temperature. Other 

parameters were kept constant like pH at 5, initial phosphate concentrations at 100 mg/L, and 

dose at 0.2 g. From the results presented in Figure 10, the rate of percent removal is higher at 

the beginning because of the large number of vacant surface sites available for adsorption. 

The maximum adsorption of phosphate (99.936%) on La(OH)3@Fe3O4@PC adsorbent was 

obtained at contact times of 30 minute due to the strong electrostatic attraction between the 

positively charged adsorbent and the negatively charged phosphate ions. After this 

equilibrium contact time, a slight decrease in the adsorption capacity of the 

La(OH)3@Fe3O4@PC adsorbent was observed. This may be due to the competition for the 

adsorption sites on the adsorbent by other ions like hydroxide ions from the solution (Luo et 

al., 2021).  



 50 

               

 

Figure 10: Effect of contact time optimization on the removal of phosphate [Co = 100 mg/L, 

adsorbent dose = 0.2 g, agitation speed = 200 rpm and pH = 5]. 

4.2.4. Effect of initial concentration 

The effect of the initial concentration of phosphate ions in the solution towards adsorption 

efficiency was studied. Initial concentration of phosphate was studied by varying the 

concentration and keeping other variables constant. In this study, the initial concentration of 

1, 50, 100, 150, 200, 250, and 300 mg/L at pH 5, adsorbent dose of 0.2 g, contact time 30 

min, agitation speed 200 rpm were used. As shown in Figure 11, the percentage removal 

decreases with increasing initial concentration. This is because the adsorbent has a fixed 

capacity and can adsorb only a maximum specified amount. Thus additional adsorbate 

concentrations do not get adsorbed. Hence, the percentage removal decreases starting from 

the saturation point. From Figure 11, it can be seen that adsorption efficiency initially 

increases with increasing phosphate concentration from 99.60% at concentration of 1mg/L 

and an optimum maximum value reached at concentrations of 50 mg/L with percent removal 

of 99.87% and it becomes decrease with an increase in initial concentration. This is due to the 

lack of active sites of the La(OH)3@Fe3O4@PC adsorbent (Ismail et al., 2020). The increase 

in the initial concentration up to a certain point shows an increasing removal of phosphate 

ions as much as available active sites occurs. However, an additional increase in the adsorbate 

ions results in the reduction of removal efficiency. The removal efficiency of the phosphate 

ion decreased from 99.87% at 50 mg/L to 96.50 % at 150 mg/L. This can be explained by the 

fact that in case of low concentrations, the ratio of the initial number of moles of solutes to the 
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available surface area of adsorbent is large and subsequently the fractional adsorption 

becomes independent of initial concentration and consequently higher adsorption yields were 

obtained. However, at higher concentrations, most of the adsorption sites could be occupied 

by ions and the available sites of adsorption would become fewer, hence the percentage 

removal of phosphate ions which depends up on the initial concentration could decrease 

(Abebe et al., 2017). 

                 

 

Figure 11: Effect of initial concentration of phosphate on the removal of phosphate 

 [Adsorbent dose = 0.2 g, contact time = 0.5 hr, pH = 5 and agitation speed = 200 rpm]. 

4.3. Kinetics Study 

The kinetics of phosphate ions adsorption onto La(OH)3@Fe3O4@PC adsorbent was analyzed 

by using pseudo-first-order and pseudo-second-order kinetic models. The kinetics study were 

done using pH 5 , initial phosphate concentration of 50 mg/L,  adsorbent dosage  0.2 g, 

agitation speed 200 rpm at room temperature. By using the correlation coefficient 

significance, the conformity between experimental data and the model-predicted values were 

expressed. The phosphate uptake was very rapid in the first 15 minute and adsorption 

equilibrium was achieved with in 30 minute similar to other La-based adsorbent studies (B. 

Wu et al., 2017, Song et al., 2020). 

4.3.1. Pseudo-first order kinetic model 

 To determine whether the adsorption process fits with the pseudo-first-order model or not, 

the experimental data using contact time ranging from 5 - 120 min and pH 5, initial phosphate 

concentrations 50 mg/L,  adsorbent dosage of 0.2 g at room temperature, and 200 rpm 
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agitation speed were introduced to Equation 1. From the slopes and intercepts of pseudo-first 

order model [Log (qe-qt) versus t] (Figure 12), the first order rate constant, k1 and equilibrium 

adsorption density, qe were determined (Y. Wang et al., 2021). The kinetic parameters 

obtained from the models are given in Table 5. The qe and correlation coefficient (R2) values 

calculated using pseudo-first order model were found to be 0.003 mg/g and 0.9792 

respectively. This indicates that there is great variation between calculated (0.003 mg/g) and 

theoretical (14.99 mg/g) qe values. Thus the experimental data could not be well described by 

pseudo-first order model. 

Table 5: Results of line fit model of pseudo-first order kinetic. 

             

                     

Figure 12:Pseudo-first order kinetic plot for the adsorption of phosphate ions onto 

La(OH)3@Fe3O4@PC adsorbent. 

4.3.2. Pseudo-second order kinetic model  

In addition to the pseudo-first-order kinetics model, the linearized form of the kinetic rate 

expression for a pseudo-second-order model was applied to the experimental data. Calculated 

equilibrium adsorption capacity qe (cal), pseudo-second-order rate constant (K2), and the 

correlation coefficient (R2) were obtained from the model using Equation 2. The linear plots 

of t/qt against time are shown in Figure 13 for phosphate ions adsorbed on La 

(OH)3@Fe3O4@PC adsorbent. From the slope and intercept of pseudo-second order model, 

t/qt versus t (Figure 13), the value of qe and K2 were determined. The kinetic parameters 

Pollutant Co(mg/L) qe,exp(mg/g qe,cal(mg/g) K1 R2 Slope Intercept 

phosphate 50 14.99 0.003 -0.0304 0.9792 0.0132 -2.5832 
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obtained from the models are given in Table 5. Pseudo second-order reaction rate model 

which give a linear relationship adequately described the kinetics of adsorption of phosphate 

ions with high correlation coefficient (R2 = 0.9999) and its theoretical equilibrium capacities 

qe (exp) (14.99 mg/g) fit well with the calculated qe (14.95 mg/g) data. Figure 13 and Table 6 

showed the value of R2 on pseudo-second-order for phosphate ions is higher than on pseudo-

first-order kinetics and the calculated adsorption capacity qe (cal) was closer to the 

experimental adsorption capacity qe(exp), indicating that the pseudo-second-order kinetic 

model describes the adsorption process of phosphate ions by La(OH)3@Fe3O4@PC adsorbent 

perfectly. This indicated that the pseudo-second-order model better represents the phosphate 

adsorption kinetics. A similar fit to this model has also been reported (Y. Zhang et al., 2020). 

Furthermore, the relatively high R2 for the pseudo-second-order model (Table 6) indicates that 

the phosphate adsorption on the adsorbents was likely via chemisorption process. This 

observation was in agreement with the findings of other studies on phosphate adsorption by 

graphene−La2O3 composite (Chenet al., 2016), lanthanum hydroxide (Xie et al., 2014), 

La(OH)3-modified polyacrylonitrile nanofibers (He et al., 2015) and Fe3O4/La(OH)3 (B. Wu et 

al., 2017). The adsorption rate constant, K2 was determined to be 0.399 g/(mg min), which 

was significantly higher than those of other lanthanum-based sorbents (e.g.,0.007; 0.2198 

g/(mg min)) (Ahmed & Lo, 2020).  

Table 6: Results of line fit model of pseudo – second order kinetics.   

Pollutant Co(mg/L) qe,exp(mg/g) qe,cal(mg/g) K2 R2 Slope Intercept 

phosphate 50 14.99 14.95 0.39

9 

0.999

9 

0.0669 0.0112 
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Figure 13:Pseudo-second order kinetic plot for the adsorption of phosphate ions onto 

La(OH)3@Fe3O4@PC adsorbent. 

4.4. Adsorption Isotherm 

The adsorption equilibrium provides important physicochemical data for evaluating the 

applicability of the adsorption process as a unit operation. In this study, the equilibrium data 

were analyzed by using Langmuir and Freundlich isotherm models. These are generally 

related to the type of coverage, the possibility of interaction between the adsorbent and 

adsorbate species, the heterogeneity and homogeneity of the adsorbent (Senthil Kumar et al., 

2010). Isotherm models relate adsorbate per unit weight of adsorbent (qe) to the equilibrium 

adsorbate concentration in the bulk fluid phase Ce. This helps to optimize the design of an 

adsorption system for removal of contaminants and the selection of the appropriate adsorbent.  

4.4.1. Langmuir adsorption isotherm model  

From all isotherms commonly used for describing adsorption, the Langmuir adsorption 

isotherm model is the best known, and it has been successfully applied to various adsorption 

processes. The Langmuir isotherm is effective for adsorption of a solute from a liquid solution 

as monolayer adsorption on a surface containing a fixed number of identical sites. The 

experimental data were analyzed according to the linear form of the Langmuir isotherm as 

described in Equation 4. Figure 14 showed the experimental results obtained from the 

Langmuir isotherm experiment. As presented in Table 7, the correlation coefficient value (R2 

= 0.9719) indicates that the Langmuir model adequately fits to describe the equilibrium 

adsorption of phosphate ions onto La(OH)3@Fe3O4@PC adsorbent. The well-fitting of the 

Langmuir model also shows the presence of monolayer phosphate coverage on the  
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homogeneous active sites  of La(OH)3@Fe3O4@PC adsorbent which is consistent with the 

pseudo-second-order model interpretation. The Langmuir model can also be used to 

determine the feasibility of phosphate ion adsorption onto La(OH)3@Fe3O4@PC adsorbent 

based on the RL value which is dimensionless constant expressed in eq (5). The RL value for 

the La(OH)3@Fe3O4@PC adsorbent in this study is 0.058, implying favorable adsorption for 

phosphate ions from aqueous solution (Ajmal et al., 2018; Abebe et al., 2018). The maximum 

phosphate adsorption capacity of the La(OH)3@Fe3O4@PC adsorbent determined from the 

Langmuir isotherm model was found to be 40.16 mg/ g.  

Table 7: Summary table for the line fit graph of Langmuir isotherm model. 

Pollutant Co(mg/L) qe(mg/g) Intercept Slope qm(mg/g) KL RL R2 

phosphate 50 36.04 0.0763 0.024

9 

40.16 0.35 0.058 0.971

9 

                    

           Figure 14: Langmuir adsorption isotherm model. 

4.4.2. Freundlich adsorption isotherm model  

The Freundlich isotherm model was the second model used to describe the adsorption data of 

phosphate in which the Freundlich constant KF (mg/g), and n is characteristic constants 

related to the relative adsorption capacity of the adsorbent and the intensity of adsorption, 

respectively. The KF and 1/n can be obtained from the intercept and slope of the linear plot of 

Logqe versus LogCe. The Freundlich plots between Logqe versus LogCe for the adsorption of 

phosphate are shown in Figure 15.The applicability of the Freundlich adsorption isotherm was 

also analyzed, using the same set of experimental data as for the Langmuir model. The 

obtained n values from the Freundlich model lying between 1 and 10 (1.815) indicates the 

favorability of the reaction (Abebe et al., 2018). The slope (1/n) ranges between 0 and 1 and it 
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is a measure of adsorption intensity or surface heterogeneity.  It becomes more heterogeneous 

as its value gets closer to zero whereas a value below 1 implies the chemisorption process as 

the main adsorption mechanism and above 1 is indicative of cooperative adsorption. In this 

study, as confirmed on the Langmuir isotherm model, being the value of 1/n closer to one 

(0.55)  shows the homogeneous nature of the La(OH)3@Fe3O4@PC adsorbent surface and the 

type of adsorption is chemisorption process (Ajmal et al., 2018).Thus, From table 8, the 

Langmuir isotherm model exhibited a better mathematical fit to experimental data (R2 = 

0.9719) than the Freundlich isotherm model ( R2 = 0.8874), suggesting that the adsorption of 

the phosphate ions onto La(OH)3@Fe3O4@PC adsorbent could be favorably described by the 

Langmuir isotherm model. These results indicated that the adsorption process of phosphorus 

on the surface of La(OH)3@Fe3O4@PC adsorbent was the monolayer adsorption. Similar 

results were obtained by different studies for La-based adsorbents (Ahmed & Lo, 2020; Y. 

Zhang et al., 2020; Song et al., 2020). 

Table 8: Result of the line fit graph of Freundlich isotherm model. 

Pollutant Co(mg/L) Intercept Slope 1/n KF R2 

phosphate 50 0.8757 0.5511 0.55 7.511 0.8874 

 

                 
Figure 15: Freundlich adsorption isotherm model. 

4.5. Phosphate Removal from ASTU WWTP Effluent Result 

The initial concentration of phosphate in the wastewater sample was measured and found to 

be 3.729 mg/L.  The La(OH)3@Fe3O4@PC adsorbent effectively removed the phosphate ion 

contaminants from the real wastewater samples with 98% adsorption efficiency, as can be 

seen in table 9. 
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Table 9: Adsorption studies on removal of phosphate from wastewater sample 

Wastewater 

sample 

pollutant 

Co(mg/L) pH Dose of 

adsorbent(g/L) 

Contact 

time(min) 

Ce(mg/L) % Removal 

phosphate 3.729 5 0.2 30 0.05877 98.424 

4.6. Recyclability of La(OH)3@Fe3O4@PC Adsorbent 

Due to its magnetic property, the synthesized nanocomposite can be used for several times by 

separating the used adsorbent using external magnet and washing it by deionized water. Re-

usability of the La(OH)3@Fe3O4@PC nanocomposite was  assessed for six consecutive 

phosphate adsorption cycles. The desorption process for the phosphate previously adsorbed 

on the La(OH)3@Fe3O4@PC composites was optimized to be able to reuse the 

nanoadsorbents for further adsorption process and to recover the phosphate. The average 

desorption efficiency of the adsorbent was found to be about 81.37% which indicates that the 

adsorption of phosphate on the adsorbent involves physical in addition to chemical adsorption 

process. Figure 16 and Table 10 showed the removal efficiency for each cycles for 

La(OH)3@Fe3O4@PC adsorbent using the desorption solution. There was a gradual decrease 

in phosphate removal efficiencies with an increasing number of cycles as shown in Figure 16. 

The removal efficiencies of phosphate for 1, 2, 3, 4, 5, and 6 cycles were found to be 99.79%, 

95.93, 93.24%, 88.71%, 86.55%, and 82.86% respectively. Hence, the phosphate uptake 

capacity on the La(OH)3@Fe3O4@PC adsorbent was reduced as the number of cycles 

increase. The regeneration experiments presented in Figure 16 showed that the 

La(OH)3@Fe3O4@PC adsorbent could be reused repeatedly in the adsorption and removal of 

phosphate ions without significantly losing the adsorption property. Similar results were 

reported by different studies (Y. Zhang et al., 2020;B. Wu et al., 2017). 

 

 

 

 



 58 

Table 10: Recyclability of La(OH)3@Fe3O4@PC adsorbent for phosphate removal 

Cycle Co(mg/L) Ce(mg/L) % Removal 

1 50 0.105 99.79 

2 50 2.035 95.93 

3 50 3.381 93.24 

4 50 5.643 88.71 

5 50 6.725 86.55 

6 50 8.570 82.86 

 

         

Figure 16: Recyclability of La(OH)3@Fe3O4@PC adsorbent for phosphate removal. 
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5. CONCLUSION AND RECOMMENDATION 

5.1. Conclusion 

This study examined the removal of phosphate ions from wastewater by using highly efficient 

adsorbent, La(OH)3@Fe3O4@PC. The magnetically recyclable La(OH)3@Fe3O4@PC 

nanocomposite was successfully developed through a low-temperature green synthesis route, 

which offers an advantage of a simple synthesis procedure. XRD and SEM characterization 

results have confirmed the successful loading of magnetite and lanthanum hydroxide onto the 

porous carbon structure. The phosphate adsorption capacities of the synthesized 

La(OH)3@Fe3O4@PC nanocomposite was investigated. The pseudo-second-order and 

Langmuir isotherm models were shown the best to describe the phosphate removal, with a 

maximum capacity of 40.16 mg/g at pH 5. Moreover, 0.2 g/L dosage of the 

La(OH)3@Fe3O4@PC nanocomposite has shown to be capable of removing 98.42% of the 

phosphate ions from wastewater. La(OH)3@Fe3O4@PC nanocomposite also exhibited good 

magnetic property for easy recovery, excellent recyclability and environmental friendliness. 

Further, phosphate adsorbed onto the La(OH)3@Fe3O4@PC nanocomposite can easily be 

eluted by using sodium hydroxide solution. The nanocomposite has shown excellent 

reusability for six consecutive adsorption-desorption cycles. Taken together, these properties 

show the potential applicability of using the La(OH)3@Fe3O4@PC nanocomposite materials 

to remove phosphate from treated wastewater effluent.  

5.2. Recommendation 

Because of its time saving, simplicity, low cost, and green technology, it is better for 

researcher to further studies on La(OH)3@Fe3O4@PC nanocomposites for phosphate removal 

from wastewaters. It is also possible to study the efficiency of the  desorption process by 

using different eluent to get a full picture of the removal capacity of the 

La(OH)3@Fe3O4@PC nanocomposite for phosphate and other pollutants removal from 

different types of wastewater. The multifunctional properties of the La(OH)3@Fe3O4@PC 

adsorbent beyond adsorption of  phosphate should be investigated like metal ions removal 

from seawater and humic substances, naturally occurring organic polymeric compounds 

widely distributed in wastewater. The Lanthanum and iron release from such adsorbent during 
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phosphate adsorption at certain pH conditions must be given due attention as different studies 

confirmed this cases. In addition to that although the La(OH)3@Fe3O4@PC adsorbent is 

highly efficient in reducing phosphate concentrations to trace levels, there are still some 

limitations that inhibit the wide application. For example, the La(OH)3@Fe3O4@PC 

adsorbent exhibit high phosphate adsorption capacity under acidic conditions. Thus its 

performance will be greatly reduced when wastewater effluents are under neutral and alkaline 

conditions.  

Therefore, we recommended that for a researcher it is better to assess by expanding this study 

to obtain new lanthanum-based adsorbents with enhanced phosphate adsorption capabilities 

over a wider pH range, easy synthesis method and separation techniques to overcome these 

disadvantages. 
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Appendix  

Appendix I. Results of analysis for the optimum conditions 

A. Effect of pH on Phosphate removal 

pH 

 

Co Ce qe(mg/g) 

 

% Removal 

 

1 

 

100 3.738 

 

28.8786 

 

96.262 

3 100 0.162 

 

29.9514 

 

99.838 

 

5 100 0.066 

 

29.9802 

 

99.934 

 

7 100 5.584 

 

28.3248 

 

94.416 

 

9 100 11.004 

 

26.6988 

 

88.996 

 

11 100 14.947 

 

25.5159 

 

85.053 

 

 

B. Effect of adsorbent dose on phosphate removal 

 

Dose(g/L) Co Ce qe(mg/g) 

 

% 

Removal 

 

0.05 100 7.553 55.4682 92.447 

0.1 100 5.949 28.2153 94.051 

0.2 100 0.072 14.9892 99.928 

0.4 100 0.058 7.4956 99.942 

0.8 100 0.037 3.7486 99.963 

1.0 100 0.019 2.9994 99.981 
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C. Effect of contact time on phosphate removal 

 

Contact 

time(min) 

Co Ce qe(mg/g) 

 

% 

Removal 

 

5 100 8.459 13.73115 91.541 

15 100 2.337 14.64945 97.663 

30 100 0.064 14.9904 99.936 

60 100 0.178 14.9733 99.822 

90 100 0.305 14.9543 99.695 

120 100 0.771 14.8844 99.229 

 

 

D. Effect of initial concentration on phosphate removal 

Initial 

Conce(ppm) 

Ce qe(mg/g) 

 

% Removal 

 

1 0.004 0.1494 99.6 

50 0.105 7.4842 99.79 

100 1.988 14.7018 98.012 

150 5.979 21.6032 96.014 

200 14.679 27.7982 92.661 

250 23.254 34.0119 90.698 

300 37.028 39.4458 87.657 
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Appendix II. Experimental pictures during composite synthesis 

                       

                                                                                                                                 

 

Figure II-1. Preparation of the reducing agent (green algae) from ASTU WWTP 
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Figure II-2. Synthesis of magnetite nanoparticles 

 

 

                       

                                                                                                                            

                                                                                                                                    

  

Figure II-3. Synthesis of La(OH)3 nanoparticles       

                               

                                                                                                                                 

  

Figure II-4. Synthesis of porous carbon 
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Figure II-5. Synthesis of the nanocomposite 
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