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Abstract 
 

In the present study, ferrihydrite-chitosan nanocomposite (FCN) was successfully produced by co-

precipitation method and used for the first time as a recyclable flocculant for pre-treatment of 

palm oil mill effluent (POME). The physicochemical properties of FCN were studied using Raman 

spectrometer, Scanning Electron Microscope (SEM) and Thermogravimetric Analyser (TGA). The 

feasibility of FCN to remove total suspended solids (TSS), turbidity, chemical oxygen demand 

(COD), and, oil and grease (O&G) from POME was investigated using a jar test method. The 

optimum conditions for contaminant removal from POME were determined by varying the 

experimental parameters such as flocculant dosage, solution pH and settling time. The results 

obtained showed that FCN, at a dosage of 1.5 g/L, a contact time of 60 min and pH of 5.0 gave 

a highest reduction of turbidity, TSS, COD and O&G levels by 72.38%, 77.32%, 71.60% and 53.40%, 

respectively. Besides that, FCN exhibited a better flocculation performance as compared to alum 

and chitosan. After three cycles of flocculation/deflocculation process, FCN retained satisfying 

flocculation efficiency and flocculants recovery in the range of 80-83% and 43.2-78.6%, 

respectively. Combination of charge neutralisation and polymer bridging was the main key 

mechanism of interaction between FCN and POME contaminants. The synergy effect between 

iron oxide/oxyhydroxide nanoparticle and chitosan has increased the physicochemical properties 

and flocculation performance of the FCN nanocomposite. Overall, FCN nanocomposite can be 

used an alternative flocculant for POME treatment.  
 

Keywords: Ferrihydrite-chitosan nanocomposite, flocculation, palm oil mill effluent, recyclable 

flocculant, wastewater treatment  

 

Abstrak 
 

Dalam kajian ini, nanokomposit ferrihidrit-kitosan (FCN) telah berjaya dihasilkan melalui kaedah 

kepemendakan kimia dan digunakan buat kali pertama sebagai flokulan boleh dikitar semula 

untuk pra-rawatan efluen kilang kelapa sawit (POME). Sifat fizikokimia FCN dikaji menggunakan 

spektrometer Raman, mikroskop elektron pengimbas (SEM) dan penganalisis termogravimetri 

(TGA). Kebolehlaksanaan FCN untuk menyingkirkan jumlah pepejal terampai (TSS), kekeruhan, 

permintaan oksigen kimia (COD), dan, minyak dan gris (O&G) daripada POME telah diselidik 
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menggunakan kaedah ujian balang. Keadaan optimum untuk penyingkiran bahan cemar 

daripada POME ditentukan dengan mempelbagaikan parameter eksperimen seperti dos flokulan, 

pH larutan dan masa mendap. Keputusan yang diperolehi menunjukkan bahawa FCN, pada dos 

1.5 g/L, masa sentuhan 60 min dan pH 5.0 memberikan pengurangan tahap kekeruhan, TSS, COD 

dan O&G tertinggi sebanyak 72.38%, 77.32%, 71.60% dan 53.40%, masing-masing. Selain itu, FCN 

mempamerkan prestasi flokulasi yang lebih baik berbanding tawas dan kitosan. Selepas tiga 

kitaran proses flokulasi/deflokulasi, FCN mengekalkan kecekapan flokulasi yang memuaskan dan 

pemulihan flokulan dalam julat 80-83% dan 43.2-78.6%, masing-masing. Gabungan peneutralan 

cas dan penyambungan polimer adalah mekanisme utama interaksi antara bahan cemar FCN 

dan POME. Kesan sinergi antara nanopartikel ferum oksida/oksihidroksida dan kitosan telah 

meningkatkan sifat fizikokimia dan prestasi flokulasi nanokomposit FCN. Secara keseluruhannya, 

nanokomposit FCN boleh digunakan sebagai flokulan alternatif untuk rawatan POME. 

 

Kata kunci: Nanokomposit ferrihidrit-kitosan, flokulasi, efluen kilang kelapa sawit, flokulan boleh 

dikitar semula, rawatan air kumbahan 

© 2024 Penerbit UTM Press. All rights reserved 

  

 

 

1.0 INTRODUCTION 
 

POME is a liquid waste product of the palm oil 

extraction process [1]. It was predicted that over 50.55 

million tonnes of POME would generated annually 

from the processing of crude palm oil in global, 

because each tonne of crude palm oil generally 

yields around 0.5-0.73 tonnes of POME [2, 3]. Total 

suspended solids (TSS), oil and grease (O&G), 

biochemical oxygen demand (BOD), and chemical 

oxygen demand (COD) values are all high in 

untreated POME. It also has a high concentration of 

nutrient and organic matter, which normally do not 

comply the regulation criteria for direct discharge [4, 

5]. If the discharge and disposal of POME or by-

products into water streams are not adequately 

handled, they can cause major water pollution, pose 

a health risk to humans, and constitute a nuisance 

owing to an unpleasant odour. POME will turn the 

colour of water streams brown, make them stink, slimy 

and may kill aquatic species life. Indeed, the source 

of drinking water will be contaminated as a result of 

the increase in BOD in POME, as well as a decrease in 

dissolved oxygen (DO). This scenario can be 

described by bacteria's high oxygen consumption, 

which leads in a significant decrease in the amount of 

DO present in the aquatic environment [6, 7]. Given 

the importance of water resources, it is critical to 

ensure that the appropriate procedures are 

implemented to protect the water resources against 

POME pollution. 

Ponding system is the most commonly used 

method for treating POME. However, this conventional 

approach did not meet the regulatory standard’s 

requirements, which required a vast treatment area, 

long retention time treatment and the production of 

an objectionable odour [8, 9, 10]. As a result, 

flocculation treatment has emerged as a viable 

alternative to overcome the limitations of the 

conventional method of POME treatment. The 

flocculation method is frequently employed in 

wastewater treatment because of its capability to 

destabilise and aggregate colloids [11]. There are 

many reasons why flocculation is one of the most 

popular solid–liquid separation strategies compared 

to other conventional treatment methods. It is a cost-

effective technology that is easy to operate and 

produces far less solid waste than any alternative 

method that has been utilised in the past. According 

to a Scopus citation report, the total number of 

publication using keyword flocculation has increased 

from 23,239 in 2014 to 37,741 in 2024. 

Nowadays, studies related to chitosan-based 

materials have become one of the main focuses of 

developing environmentally friendly materials 

especially in water and wastewater treatment [12, 13]. 

Chitosan and chitin are known to have outstanding 

properties, such as biocompatibility, biodegradability, 

non-toxic, and non-allergenic, while possessing some 

unique properties like film forming ability, chelation 

and absorption properties, as well as antimicrobial 

characteristics. In the near decades, various 

applications of chitosan for the environment have 

been reported practically in food preservation [14], 

pesticide [15], fertiliser [16], soil remediation [17] and 

air pollution [18]. Chitosan contains a large number of 

amino and hydroxyl groups, which are important for 

chelating effects. This makes chitosan a promising 

coagulant or flocculants in water and wastewater 

treatment [19, 20]. 

Over the past two decades, the outstanding 

performance and advantages of using iron 

oxide/oxyhydroxide nanomaterials have gained the 

attention of research society in solving the 

environment related problems. As for iron-based 

nanomaterials (e.g. ferrihydrite, goethite, hematite 

and magnetite), they have recently also shown 

outstanding adsorption capacity for removing heavy 

metals, dyes [21], inorganic and organic compounds 

[22]. This is due to their excellent properties such as 

large specific surface area, high porosity, strong 

magnetic response, biocompatible and reusable, 

which results in an extraordinary sorption capacity 

[23]. Moreover, they can coordinate with other 

elements due to their variable oxidation states. 

The capability of pure chitosan and iron-based 

materials for coagulation and flocculation in water or 

wastewater treatment is undeniable. However, they 
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have several drawbacks in terms of removing the flocs 

after the treatment process and iron 

oxide/oxyhydroxide tends to aggregate due to their 

large surface-to-volume ratio and low surface energy 

[24]. Moreover, the pure iron oxide/oxyhydroxide 

nanoparticles have high chemical activity, which 

easily oxidised in the air (especially magnetite) that 

generally results in the loss of magnetism and 

dispersibility. Therefore, providing a proper surface 

coating and developing some effective protection 

strategies to maintain the stability of magnetic iron 

oxide/oxyhydroxide nanoparticles is very important. 

Practically, it is worthwhile that in many cases, the 

protecting shells (biopolymer) not only stabilise the iron 

oxide/oxyhydroxide nanoparticles, but can also be 

used for further functionalisation [25]. 

The iron oxide/chitosan nanocomposites were 

being explored for various applications, including 

drug delivery [26], tissues engineering [27] and 

water/wastewater treatment [28]. Iron oxides come in 

a variety of forms, such as ferrihydrite, magnetite, 

hematite, goethite and etc. Iron oxides such as 

magnetite and hematite are commonly utilised in 

composites with other materials. According to the 

previous studies on water/wastewater treatment, the 

iron oxide/chitosan nanocomposites had shown a 

great performance in terms of adsorption capabilities, 

biocompatibility, magnetic properties, antibacterial, 

and regeneration [29, 30]. Previous researches have 

frequently shown the application of 

hematite/chitosan and magnetite/chitosan 

nanocomposite in water and wastewater treatment. 

Thus, it is imperative to assess the potential of other 

form of iron oxide which is ferrihydrite/chitosan 

nanocomposite to reduce contaminants in 

wastewater. 

Therefore, the ultimate objective of the present 

work was to evaluate the potential and effectiveness 

of FCN as a flocculant to reduce the turbidity, TSS, 

COD and O&G, in comparison with alum and 

chitosan. A series of batch flocculation studies were 

carried out in order to determine the optimal 

flocculant dosage, solution pH of the system and 

settling time. Finally, this study also aimed to study the 

regeneration and recyclable potential of the FCN. 

Thus, POME pre-treatment could be improved in a 

more cost-effective and environmentally friendly 

manner. 

 

 

2.0 MATERIALS AND METHODS 
 

2.1 Materials 

 

Chitosan powder (99% deacetylated, MW 33 kDa) 

and iron(III) chloride hexahydrate (FeCl3.6H2O) were 

purchased from Acros Organic and Bendosen 

Laboratory Chemicals, respectively. Aluminum sulfate 

(alum, Al2(SO4)3) was supplied by Sigma-Aldrich. 

Sodium dodecyl hexahydrate (SDS, NaC12H25SO4) was 

purchased from Fisher Chemical. For pH adjustment, 

hydrochloric acid (HCl) and sodium hydroxide (NaOH) 

were acquired from Merck and diluted to 1 M using 

deionised water. All chemicals were of analytical 

grade and used as received without further 

purification. 

The POME was obtained from a palm oil mill 

located at Trolak, Perak, Malaysia. Since the fresh 

POME has a temperature ranging between 75-90 °C, 

it was allowed to cool to around 40-45 °C before being 

collected into polyethylene bottles. The sample was 

kept at a low temperature (4 °C) in an airtight bottle 

to prevent biodegradation due to microbial activity. 

Table 1 lists the method that was performed to 

characterise the POME sample for this study. 

 
Table 1 Physicochemical parameters of raw POME and 

method analysis for water quality testing 

 

Parameter (unit) Concentration 

Value* 

Method/ Instrument 

pH 4.67 ± 0.05 Thermo Scientific 

Orion 2-Star pH Meter 

Turbidity (NTU) 37,450 ± 1,040 Hach 2100P 

Turbidimeter 

TSS (mg/L) 19,694 ± 714 2540 D. TSS Dried at 

103-105 °C 

Oil and 

grease(mg/L) 

6.166 ± 261 Hexane Extractable 

Gravimetric Method 

COD (mg/L) 60,100 ± 3,460 5220 COD Method 

*Average ± standard deviation of three replicates. 

 

 

The physicochemical parameters of POME were 

measured by using the recommended method 

suggested by APHA (American Public Health 

Association) Standard Method Examination of Water 

and Wastewater. All analyses were carried out in 

triplicates. 

 

2.2 Preparation of Ferrihydrite Nanoparticles 

 

Briefly, 100 mL of a 0.2 M FeCl3·6H2O solution was 

prepared and placed in a 250 mL beaker. The solution 

was vigorously agitated while a 1 M NaOH solution 

was added drop by drop until the pH hit 12. The 

suspension was centrifuged and then rinsed with 

deionised water several times before being freeze 

dried. Theoretically, when the FeCl3 and NaOH 

solutions are mixed together, the substitution of -OH 

groups on the resin substrate with chlorides ions (Cl) 

from solution results in the formation of Fe(OH)3, with 

no additional secondary phase forming under 

supersaturation conditions. However, because 

Fe(OH)3 is unstable in water, the precipitated phase is 

expected to form after the ion exchange process and 

also the expected formation of ferrihydrite [31].  The 

reaction described above can be substituted by the 

following: 

 

FeCl3 + 3NaOH → ferrihydrite + 3NaCl 
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2.3 Preparation of FCN 
 

Basically, 2.0 g of SDS was dissolved in 400 mL of 

ionised water, and then 0.25 g of ferrihydrite 

nanoparticles was added into the SDS solution with 

intensive stirring at room temperature (26 ± 2 °C). 

Subsequently, 0.25 g of chitosan powder was 

dissolved in 100 mL of 1% (w/v) acetic acid solution, 

and then slowly dropped the chitosan solution into the 

ferrihydrite nanoparticle and SDS surfactant solution. 

At room temperature, the mixture was continuously 

stirred at a constant speed for one hour. Then, the 

expected FCN was separated from the solution and 

thoroughly washed several times with deionised water 

and ethanol. The precipitate was collected and dried 

at 50 °C until a constant weight was obtained [32]. 

 

2.4 Characterisation of FCN 
 

Raman spectra were obtained using a Renishaw inVia 

Raman Microscope equipped with a 1800 g/mm of 

holographic grating and an Olympus metallurgical 

microscope to focus the laser beam and collect the 

scattered light from the sample. The Raman scattering 

experiment was carried out with a He-Ne laser at 

wavelength of 633 nm and the time of exposure was 

30 s with a range of spectrum within 100 to 1500 cm-1. 

The morphology and surface structures of the 

precursor and nanocomposite were examined by 

using a Hitachi SU 8020 VHR Field Emission Scanning 

Electron Microscope that is equipped with an energy 

dispersive X-ray spectrometer (EDX) to get elemental 

composition information. The samples were first 

coated with platinum to avoid electron charging by 

using Automatic Platinum Sputter Coater System 

(Quorum Q150RS). 

The thermal stability of the materials was studied 

using a Mettler Toledo Thermogravimetric Analyzer, 

model TGA/DSC 1 instrumentation. The thermal 

deterioration was carried out under an argon 

environment at a heating rate of 10 °C per min from 

25 to 900 °C. The purging gas was fixed at a flow rate 

of 20 mL/min. 

The point of zero charge (pHPZC) was used to 

determine the net charge on the material surface. The 

pHPZC analysis was carried out by using the salt 

addition method. In a series of 250 mL conical flasks, 

0.1 g of FCN was added to 50 mL of 0.1 M NaNO3 

solution to maintain the ionic strength of the solution. 

A solution of diluted HCl and NaOH was added to 

adjust the solution’s initial pH (pHi) in the range 

between 2 and 11. The samples were shaken for 24 h 

at room temperature using a Protech Orbital Shaker 

Model 720 at 150 rpm. After settling, the final pH (pHf) 

of the supernatant was recorded. Graph of ΔpH (ΔpH 

= pHf – pHi) against pHi to determine the pHpzc. Each 

set of experiments was performed in triplicate and the 

mean value was recorded. 

 

2.5 Flocculation Studies 
 

In this study, prior to beginning the flocculation 

performance, the POME samples were 

homogeneously mixed and then separated into 

beakers containing 500 mL of each sample solution. 

After the flocculants had been added to each 

beaker, they were swirled for 3 mins at a constant 

speed of 250 rpm using jar tester to ensure that the 

flocculants were evenly distributed throughout the 

POME sample. Once this is accomplished, drop the 

stirring speed to 50 rpm, and continue mixing for a 

further 30 mins. The purpose of this slower mixing speed 

was to increase flocs production by increasing particle 

collision, which results in larger flocs being formed.  

In the following 75 mins, the system is allowed to 

settle into a quiescent state under the influence of an 

external magnetic field. Finally, the value of turbidity, 

TSS, COD, and O&G content measurement, which 

represents a final concentration, may be achieved by 

collecting the sample at a depth of 2 cm beneath the 

surface of the water. The experiment was carried out 

at a room temperature ranging between 25-30 °C. 

 

2.6 Regeneration and Recycling Test 

 

For the purpose of reducing treatment costs, 

regeneration and recycling test was carried out to 

separate the FCN from the POME 

contaminant/pollutant. The resultant FCN flocs were 

first centrifuged at 4000 rpm for 10 minutes to separate 

the composite from the trap contaminant. Following 

that, it was immersed in 1.0 mL NaOH with a pH of 9 for 

10 minutes before being subjected to ultrasonic 

treatment for another 10 minutes. Until this point, it was 

expected that the composites would separate from 

the POME contaminant/pollutant.  

Approximately 2 mL of acetone was added to the 

regenerated nanocomposite mixture, which was then 

ultrasonically processed for 10 mins before being 

rinsed multiple times with methanol. Finally, the 

regenerated FCN flocculants were collected, dried 

and ready to be reused. Based on preliminary study, 

there was no obvious change (± 2%) in percentage of 

removal contaminant after three cycles of 

flocculation and deflocculation. Therefore, the 

flocculation and deflocculation was set for three 

cycles. The removal efficiency of TSS, O&G, and 

turbidity determined for each cycle.  

 

 

3.0 RESULTS AND DISCUSSION 

 

3.1 Flocculation Study 

 

A number of tests such as flocculant dosage, solution 

pH and settling time were carried out in order to 

determine the optimal factors that lead to the best 

flocculation efficiency. The performance of FCN, 

chitosan and alum as flocculants in treating POME 

was investigated using jar testing method. 

Contaminant removal including turbidity, TSS, COD 

and O&G will be measured as an indicator of the 

flocculation capacity. 
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3.1.1 Effect of Flocculant Dosage 

 

During the course of the study, it was discovered that 

dosage was one of the most significant elements to 

consider in order establishing the optimum conditions 

for performing the flocculant in the flocculation 

process. More specifically, inadequate or excessive 

dosing would result in poor performance during the 

treatment procedure, as previously stated [33]. 

Furthermore, it was necessary to find the optimal 

dosage in order to lower the dosing cost while still 

attaining the best potential treatment results in terms 

of efficacy and efficiency.  

For the purpose of evaluating the influence of 

flocculant dosage on the percentage removal of 

contaminants, we varied the dose of flocculant from 

0.50 to 2.5 g/L. The pH of the POME sample was tested 

at its original pH and after 75 minutes of settling time, 

the effect of dosage was explored, and the findings 

are given in Figure 1. 

Based on the results, the percentage removal of 

contaminant rose as the flocculant dosage was raised 

until it reached a maximum value for the FCN. At the 

maximum point, the performance drop is marginally 

exacerbated with each additional dosage of 

flocculants. When the dose of FCN polymer 

flocculants is gradually increased, the strength of the 

repulsive force between the particles weakens as the 

charge neutralisation point is reached. This suggests 

that flocculation mechanism is based on charge 

neutralization [34]. It was also revealed that the trends 

in TSS and turbidity were almost the same, but with a 

different percentage of removal for contaminant 

were investigated. To put it another way, the turbidity 

level will rise in direct proportion to the increase in TSS 

in the sample. 

From Figure 1, the FCN showed the greatest 

percentage reduction in parameters for applied 

dosage at 1.5 g/L, corresponding to 71.83% in turbidity, 

80.49% in TSS, 72.57 % in COD, and 47.56 % reduction in 

O&G removal. At the same dosage, alum results in the 

lowest decrease in turbidity, TSS, COD and O&G, with 

36.01%, 37.55%, 40.28% and 29.73%, respectively. In 

general, ferrihydrite combined with chitosan polymer 

produced a great synergistic effect that resulted in a 

larger percentage of pollutants being removed from 

the solution. It was discovered that the optimum 

dosage of FCN, chitosan and alum in this study was 1.5 

g/L, 2.0 g/L and 2.5 g/L, respectively. 

The flocculation performance using the synthesised 

FCN could be explained based on charge density. As 

the charge density of the polymer grew, the adsorption 

of coagulants and flocculants increased as well [35]. 

For ferrihydrite, the incompletely metal cations on the 

iron oxide surface acting as electron accepting Lewis 

acid sites, it will be possible to selectively remove Lewis 

basic compounds from the surface by building a 

coordination bond with the ferrihydrite surface, lead to 

the better flocculation performance [36]. While for 

chitosan, at acidic circumstances, the amines get 

protonated and become positively charged, resulting 

it to becoming a water-soluble cationic 

polyelectrolyte. However, when exposed to a basic 

environment, the amines in chitosan become 

deprotonated, resulting in the polymer losing its 

charge and becoming insoluble.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Effect of dosage on percentage removal of(a) 

turbidity, (b) TSS, (c) COD and (d) O&G (pH = original POME 

sample, Settling time = 75 min) 
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The presence of amino groups further demonstrates 

that the pH of chitosan has a significant impact on the 

charged state and characteristics of the polymer 

[35,36]. 

Basically, POME is a naturally acidic suspended 

effluent, and FCN could be used to destabilise the 

pollutant present in POME. The FCN appears to have 

an additive effect; almost multiple contaminants are 

being eliminated at the same time by the materials. 

The amine functional groups in chitosan, as well as the 

positively charged iron oxide, aid in the destabilisation 

and adsorption of the contaminant, which is 

negatively charged in POME. Furthermore, the 

increase in percentage removal was also associated 

with an increase in the total area and active site of 

Fe2+ and Fe3+ for organic compound adsorption [37]. 

This indicates that the particles are rapidly destabilised 

based on charge density of the flocculant, and it can 

also be stated that the amount of flocculant 

necessary to destabilise the particles is less for a 

flocculant with a greater charge density.  

Both the amino groups of chitosan and the 

ferrihydrite particle are protonated when they are 

placed in an acidic solution. Upon immersion in acidic 

solution, the FCN develops a strongly positive charge, 

which allows the iron oxide-chitosan to form ionic or 

hydrogen bonds with surfaces that are negatively 

charged. This will further reduce or neutralise the 

particle surface charge. As a result, the destabilisation 

of particles caused by FCN may be explained by a 

charge neutralisation mechanism. 

In contrast, as with alum, the contaminant and 

colloids removal performance of the coagulant 

exhibits a modest increase with increasing dosage, 

indicating that the flocculation performance has 

deteriorated. Charge reversal and possible 

destabilisation of colloid particle may have occurred 

when raising the alum dosage, as a result of the 

possibility of a considerable fall in pH of the POME at 

high flocculant dosage was used (33). The 

coagulation–flocculation process for aluminum-

based coagulants has mostly evolved around a 

charge neutralisation mechanism. Especially for 

coagulants containing a significant proportion of 

monomeric aluminium species, the contaminant must 

be of sufficient size to form nuclei on the surface of the 

coagulant. 
 

3.1.2 Effect of Solution pH 
 

An investigation into the influence of solution pH was 

carried out utilising fixed experimental conditions: a 

flocculants dosage of FCN (1.5 g/L), chitosan (2.0 g/L), 

alum (2.5 g/L) and a 75 minute settling time for a pH 

range ranging from 4 to 9. In general, the results 

revealed that the recommended solution pH for FC 

nanocomposite, chitosan and alum was observed to 

be pH 5, 6 and 7, respectively. At the initial pH of 5, 

FCN is possible to obtain about 71.25%, 77.49%, 68.49%, 

and 48.65% reductions in turbidity, TSS, COD, and 

O&G, respectively. However, the removal of COD and 

O&G are not influence by the effect of pH generally. 

For removal of O&G from the POME, FCN 

demonstrated a high capability for O&G removal at 

the initial pH value. As illustrated in Figure 2, when the 

pH was raised to a greater level, the O&G removal 

was significantly reduced as compared to the acidic 

condition. It is considered that this circumstance 

provides a greater opportunity for particle 

restabilisation due to reversal of surface charge when 

compared to when the pH is raised to a higher level. 

It is well known that exposure to severe acidic 

conditions resulted in the formation of extremely 

strong cationic charges on chitosan as well as on 

ferrihydrite nanoparticles. As a result, we can 

conclude that the acidic conditions of POME promote 

the elimination of O&G.  

The pH of POME was originally between 4.5 and 

4.8; it was determined that the O&G removal was 

extremely satisfactory around the pH of POME's 

original composition. This encouraging fact could 

bring to a conclusion that pH adjustment on POME in 

the real treatment system can be discarded in order 

to remove the residue oil by using any of these 

coagulants and/or flocculants. At the high acidic 

state exacerbates POME's ability to shatter oil droplets 

and destabilise suspended solids in the solution [38,39]. 

Therefore, the electrostatic attractions between 

residue oil molecules and adsorption site increase and 

indirectly increase the adsorption of residue oil onto 

chitosan. 

Besides that, one of the most important intrinsic 

characteristics of FCN polymer flocculants that 

influences their flocculation effectiveness is their 

surface charge property. The issue can also be 

interpreted in terms of the material's point of zero 

charge. According to Maćczak et al. [34], the point of 

zero charge implies that van der Waals attraction 

between cation flocculants and anion colloids 

particles is operating at its highest pace. When the pH 

of the solution was lower than the pHPZC, the cation 

present in flocculants was protonated as a result of the 

strong electrostatic force present in suspension. 

Furthermore, at a certain extent, electrostatic force 

becomes insufficient to resist the strong van der Waals 

attraction, resulting in the deprotonation of the 

positive charge of flocculants. 

Figure 3 depicts the curve of the point of zero 

charge (pHPZC) of the FCN in solution. The graph 

clearly demonstrates that the charge on the FCN 

surface is correlated to the pH of the solution with 

pHPZC of FCN less than 6. In other words, when the pH 

of the solution is lower than pHPZC, the FCN is positively 

charged, and vice versa when the pH of the solution 

is greater than pHPZC. For POME, it literally has a 

negatively charge which is mostly due to colloidal 

particles derived from hemicellulose and extractives 

components in the composition of the POME [40]. This 

discovery was consistent with the findings of 

Ganapathy et al. [41], who investigated the POME in 

the same way. When the zeta potential is decreased 

to zero, the best flocculation will be accomplished 

since there will be no electrostatic repulsion between 

the particles in solution. 
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Figure 2 Effect of solution pH on the percentage removal of 

(a) turbidity, (b) TSS, (c) COD and (d) O&G (Dosage = 1.5 g/L 

of FCN, 2.0 g/L of chitosan, 2.5 g/L of alum, Settling Time = 75 

min) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 pHPZC plot for FCN 

 

 

3.1.3 Effect of Settling Time 

 

Typically, adequate time must be allowed for the 

production of particles with a size that is large enough 

to permit for their efficient removal during the 

sedimentation process, In the present study, settling 

time was varied from 15 to 75 min. Figure 4 depicts the 

changes in turbidity, TSS, COD and O&G with regard 

to settling time. From the application of the FCN in this 

present study, the highest percentage reduction of 

parameters at settling time 60 min corresponding to 

72.38%, 77.39%, 71.59% and 53.37% for turbidity, TSS, 

COD and O&G, respectively. 

From the results, it was discovered that the removal 

of all contaminants followed a similar pattern with the 

percentage removal increasing as the settling period 

was prolonged until it reached an optimal duration 

and showed no discernible difference. According to 

the results, this was most likely due to the fact that all 

contaminants were strongly absorbed into the flocs 

created with the assistance of chitosan and iron 

oxide-based components. In addition, the 

combination of the two materials chitosan and iron 

oxide nanoparticles would result in extremely high 

attraction forces between contaminating particles, 

resulting in strong flocculation performance that could 

have a positive impact on the final product. 

According to the present finding, the FCN 

sediments show a significantly faster rate. 60 minutes 

of sedimentation can remove approximately 70% of 

the pollutants present in POME. Using FCN, colloids 

aggregate more quickly, allowing for the construction 

of bridges and charge neutralisation between 

pollutants, as well as the generation of particles of 

sufficient size that can settle more quickly and easily. 

The value of TSS decreases when the bridging particles 

and flocs begin to descend to the bottom of the 

beaker, and this impact is mostly influenced by the 

gravitational force acting on the particles. According 

to Yu et al. [42], magnetic flocculation can be used to 

increase the size and pace of growth of flocs by the 

combination of charge neutralisation and bridging 

flocculation mechanism. In the flocculation 

separation process, the results reveal that the 

magnetic flocculation separation has a significant 

anti-interference capacity. 
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Figure 4 Effect of settling time on the percentage removal of 

(a) turbidity, (b) TSS, (c) COD and (d) O&G (Dosage = 1.5 g/L 

of FCN, 2.0 g/L of chitosan, 2.5 g/L of alum, pH =5) 

 

3.2 Characterisation Study 

 

3.2.1 Raman Analysis  

 

Figure 5 depicts the Raman spectra of ferrihydrite, 

chitosan and FCN. Synthesised ferrihydrite powder 

exhibits three prominent broad and weak bands at 

349, 524 and 1362 cm-1, with the strongest intensity 

bands at 794 cm-1. As shown in Table 2, the Raman 

analysis of synthesis ferrihydrite was found to be very 

close to and in good agreement with the 

characteristic band reported by the previous 

researchers, which can be used to confirm the purity 

of the ferrihydrite before it is further coupling with 

chitosan.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 5 Raman spectra of (a) ferrihydrite, (b) chitosan and 

(c) FCN 
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The Raman spectrum of chitosan displays 

characteristic bands at 965 cm-1 (CN), 1050-1200 cm-1 

(CC), 1290-1350 cm-1 (CNH) and 1430 cm-1 (amide-III) 

[43,44]. In comparing the Raman spectra of the FCN, 

obviously a slight difference was observed. The 

spectrum of nanocomposite is the combination of 

ferrihydrite and chitosan peaks band. Again, this 

suggests that physically bond linkages are being 

formed between the two materials precursor. 

 
Table 2 Raman shift wavenumber (cm-1) of ferrihydrite 

nanoparticle reported by previous researchers 

 

Iron oxide Wavenumber (cm-1) Reference 

Ferrihydrite 

361(w), 508(w), 707(s) Das et al. [45] 

223(s), 288(s), 390(s), 

607(w) 

Rout et al. [46] 

370(w), 510(w), 710(s) Hanesch [47] 

370(w), 510(w), 

710(s), 1340(w) 

Mazetti and 

Thistlethwaite [48] 

 

 

3.2.2 SEM Analysis  

 

Figure 6a presents image micrograph of synthesised 

ferrihydrite that show irregularities in spherical shape 

with 10 to 20 nm of particle sizes. As can be seen in the 

SEM image, the ferrihydrite nanoparticle shows a 

slightly aggregation or agglomeration due to the 

strong supersaturation of very small nanoparticle [49]. 

There are several factors that influence the particle 

size of synthesised ferrihydrite, including the rate of 

alkali addition, the concentration of iron precursor, 

and the aggregation effect.  

The surface structure of chitosan is flat and smooth, 

with no sign of porosity on the surface [50, 51]. While 

for FCN, the surface morphology of both the precursor 

ferrihydrite and the chitosan was clearly altered. The 

surface of the nanocomposite is a blend of flat and 

spherical surfaces, which represent the presence of 

the ferrihydrite and chitosan materials, respectively, 

on the surface of the nanocomposite, as well as the 

creation of discrete aggregates on their surfaces after 

being composite with ferrihydrite nanoparticle (Figure 

6b).  

The results of the SEM analysis of FCN demonstrate 

that the spherical shaped of ferrihydrite nanoparticle 

are distributed equally across the chitosan surface, 

which is consistent with the observation made by 

Rabel et al. [52]. Aside from that, chitosan particle 

condensation was found in some locations, which 

may have occurred as a result of a ferrihydrite 

interaction between chitosan particle clusters. 

Another factor that contributed to the success of the 

ferrihydrite and chitosan combination was the 

reduction in the size of FCN when compared to 

precursor ferrihydrite nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6 SEM images of (a) ferrihydrite, (b) FCN before 

flocculation and (c) FCN after flocculation 

 

 

After flocculation, the image after the POME 

uptake has transformed the surface of the FCN 

become wavy, some are clumped together, and 

there is also a glossy white strip attributable to the 

uptake of fat and oil in the composite (Figure 6c). 

Asadpour et al. [53] reported a similar observation, in 

which the shining white strip was assigned to the oil 

adsorption on the surface of mangrove bark. 

Generally, we have learned that the raw POME 

combination is composed of 95-97% of water, 0.6-0.7% 

of oil, and 4-5% of total solids, primarily consisting of 

debris from the fruit [54]. When the exterior of the 

particle is smooth and uneven, it indicates that the 

particles are being held together by the natural 

viscosity and thickness of the adhering oil. 
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3.2.3 TGA Analysis  

 

Figure 7 depicts the TGA curves for ferrihydrite, 

chitosan and FCN before and after flocculation. For 

ferrihydrite (Figure 7a), the peak observed below 300 

°C, corresponding to an 18.79 % weight loss of, 

indicated that the surface H2O groups on ferrihydrite 

had been removed without causing structural 

damage to the material. The conclusion of the 

dehydration/dehydroxylation process, which results in 

the crystallisation of hematite, was signalled by the 

occurrence of an event at 484 °C of peak 

temperature. The modest loss observed at 

temperatures ranging from 300 to 1000 °C suggests 

that ferrihydrite has undergone a complete phase 

change into hematite. 

The TGA of chitosan reveals two stages of 

deterioration (Figure 7c). The first stage occurred at 

temperatures ranging from 40 to 150 °C and resulted 

in a 10 % weight loss, which corresponds to the loss of 

water or moisture adsorption on the chitosan surface. 

The splitting of polysaccharide rings occurs in the 

second stage of degradation, at temperature range 

of 220-550 °C, resulting in a weight loss of 65.44 %.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7 TGA analysis of (a) ferrihydrite, (b) FCN before 

flocculation, (c) chitosan and (d) FCN after flocculation 

 

 

In general, FCN exhibits three stages of 

degradation that can be examined (Figure 7b). The 

initial phase of weight reduction is the discharge of 

fluids from the body surface. The decomposition of the 

chitosan polymer is attributed to the second stage of 

the process. And the final step is characterised 

primarily by composite carbonisation as well as the 

disintegration of residual materials [55]. The 

degradation yield also appears to increase at a rate 

that is more than the weight percentage of chitosan 

in the nanocomposite, showing that the ferrihydrite 

has an effect on the nanocomposite stability [56,57]. 

Following the flocculation of FCN with POME 

(Figure 7d), the weight loss of the first stage is generally 

caused by the evaporation of the free moisture and 

the binding of the bound moisture, which results in 

POME sludge. Next, the decomposition of complex 

organic structure constitutes the second step of 

weight loss. Carbon-containing molecules in POME 

sludge have been degraded because the C-C bond 

has been broken, resulting in the production of H2, 

CH4, CO2, and CO [58]. This phenomenon occurs as a 

result of the aliphatic chemicals, carbohydrates, and 

protein degradation from the POME sludge attaching 

to the surface of composites.  

At this stage, because the majority of the 

components are volatile, the material shows a 

significant weight loss in conjunction with the 

production of gas [59]. Finally, the phase of breaking 

of iron oxide and chitosan bonding is represented by 

the third weight loss phase of the TGA curve. The 

decomposition and deterioration of the hydrogen 

bond between the amino group of chitosan and the 

hydroxyl group of iron oxide is described here. It is 

possible that the degradation of the chitosan in the 

composite is responsible for the bond breakage at this 

stage. As previously stated, the chitosan exhibits 

greater thermal breakdown as compared to the iron 

oxide in the prior TGA analysis. 

 

3.3 Regeneration and Recycling Test 

 

When it comes to maintaining resource reutilisation, 

the regeneration and reuse of flocculants are 

considered to be an alternative strategy that adheres 

to the concepts of sustainable production. Due to the 

fact that the results of the previous experiment 

indicated that flocculation was caused by charge 

neutralisation and bridge interaction, pH shift was 

identified as a deflocculation mechanism to release 

flocculants from the contaminant flocs. From Table 3, 

the surface of the flocculants will become increasingly 

uncharged under a high pH condition, which will in 

turn cause the spent of iron oxide-chitosan flocculants 

to desorb the contaminant molecules.  

A conformational changed for the soluble 

behaviour of the flocculants when hydrophobic 

groups cause aggregation of the polymer chains. 

Therefore, by selecting the appropriate pH conditions, 

it is possible to achieve both binding and releasing 

anionic contaminant. As a result, in order to assess the 

recyclability of regenerated flocculants for use in a 

subsequent POME treatment process, the 

regeneration of flocculants from flocs was carried out 

by filtration at a pH of 9, and the results are shown in 

Table 3. 

The aforementioned scenario will lead to a 

conformational change for the soluble behaviour of 

the flocculants when hydrophobic groups cause 

aggregation of the polymer chains. Therefore, by 

selecting the appropriate pH conditions, it is possible 

to achieve both binding and releasing anionic 

contaminant. As a result, in order to assess the 

recyclability of regenerated flocculants for use in a 

subsequent POME treatment process, the 

regeneration of flocculants from flocs was carried out 

by filtration at pH 9, and the results are shown in Table 

3. 
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Table 3 Effect of regeneration cycles on contaminant 

removal in POME 

 

Contaminant 
*Regen. 

cycles 

Recovery 

of 

Flocculants 

**(%) 

 

Contaminant 

Removal (%) 

Turbidity 

0 - 71.0 ± 2.8 

1 83 ± 6 70.7 ± 2.2 

2 80 ± 5 69.9 ± 3.5 

3 82 ± 5 67.2 ± 4.1 

TSS 

0 - 78.6 ± 3.1 

1 83 ± 6 78.1 ± 2.7 

2 80 ± 5 77.7 ± 2.5 

3 82 ± 5 74.2 ± 3.2 

O&G 

0 - 46.2 ± 4.8 

1 83 ± 6 45.9 ± 5.4 

2 80 ± 5 45.0 ± 5.1 

3 82 ± 5 43.2 ± 4.2 

*Regen. cycles = Regeneration cycles 

**Average ± standard deviation of three replicates. 

Therefore, three cycles of flocculation and 

deflocculation were performed using the same 

nanocomposite to determine the reusability of the 

FCN for flocculants recycling. According to the data, 

the flocculation performance remained constant 

over the course of the three cycles of the 

flocculation/deflocculation process. This 

demonstrates that the properties of the FCN remain 

unchanged after multiple cycles of the treatment 

process. 

As a result of these findings, it is anticipated that 

the ability of the synthesised nanocomposite to retain 

its flocculation capacity after several uses will aid in 

the reduction of operating costs associated with the 

use of these flocculants for water purification. It is clear 

that not only did the synthesised flocculant solve the 

water pollution problem, but it also recycled and 

reused contaminants numerous times, indicating that 

it has a great deal of potential in real-world 

applications. 

 

 

 

 

 

Figure 8 Schematic representation of flocculation process in POME treatment using iron oxide-chitosan nanocomposite

3.4 Proposed Mechanism of Iron Oxide-Chitosan 

Nanocomposite 

 

Technically, in the flocculation process, aspects such 

as particle surface charge and colloidal stability of 

wastewater colloids are important factors to consider 

when performing the flocculation process. In general, 

the cell walls of microorganisms and bacteria have a 

net negative charge when the pH of the environment 

is neutral [60].  

The majority of water-suspended particles have a 

negative charge, and because they all have the 

same charge sign, they tend to repel one 

anotherwhen they come into contact [61]. Fats, 

waxes, sterols, and phospholipids are all types of lipids. 

Non-polar hydrocarbon structures are the building  
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blocks of lipids, and depending on the arrangement 

of long chain hydrocarbons and the presence or 

absence of a polar carboxylic acid in the structure, 

they can contain neutral, positively, or negatively 

charged components. For example, the study of olive 

mill wastewater conducted by Rytwo et al. [62] shown 

that the zeta potential value of the effluent are 

negatively charged. Figure 8 shows a schematic 

representation of flocculation process in POME 

treatment using oxide-chitosan nanacomposites. 
 

 

4.0 CONCLUSION 
 

FCN were successfully prepared and characterised, 

and they possess ideal characteristics as flocculants 

for POME pre-treatment. The spectrometry method 

results confirmed the binding of the ferrihydrite 

nanoparticle and chitosan, and also the contaminant 

uptake in POME after the flocculation. In comparison 

with chitosan and alum, the FCN showed excellent 

flocculation performance compared to others, with a 

removal efficiency of 72.38% turbidity, 77.32% TSS, 

71.60% COD and 53.40% O&G at flocculant dosage of 

1.5 g/L, pH 5 and 60 min settling time. Therefore, 

because the untreated POME had a pH of less than or 

around 5, the pH adjustment in the flocculation 

process of POME treatment with FCN can be 

neglected. Charge neutralisation and polymer 

bridging are the two major flocculation mechanisms 

for POME adsorption onto FCN. After flocculation, the 

FCN was regenerated and reused in three successive 

flocculation processes with new raw POME and 

showed magnificent performance with only a 1-2% 

drop in contaminant removal after three cycles and 

up to 80% flocculant recovery. The application of FC 

nanocomposite as a flocculant in water and 

wastewater treatment could significantly minimise the 

amount of contaminants while also providing eco-

friendly flocculants for a safer environment. 
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