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 This present study investigates the efficiency of using ion exchanger 

Fe2+/Fe3+ mediator for the degradation of Palm Oil Mill Effluent 

(POME). The ion exchanger of Fe2+/Fe3+ mediator enhanced the redox 

reaction in liquid POME degradation. Comprehensive analysis on 

POME before and after degradation by 0.005 M FeCl3 was conducted 

by several characterisation techniques, including cyclic voltammetry 

(CV), Ultraviolet-visible (UV-Vis) spectroscopy, Attenuated Total 

Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR) 

Analysis, X-ray diffraction (XRD), and Brunauer-Emmett-Teller (BET) 

analysis. The CV analysis provided a better understanding on the 

oxidation and reduction reaction during the degradation of liquid POME. 

The identification of chemical bonds and functional groups was carried 

out by using the ATR-FTIR analysis. The type of crystal or amorphous 

patterns identified by XRD and surface area measurements were done 

by using the BET analysis. The findings revealed that the existence of 

ion exchanger Fe2+/Fe3+ mediator performed redox reaction by CV and 

the peak current density of oxidation (Ipa) showed similar results for 

fresh liquid POME and liquid POME+0.005 M FeCl3, that is 

1.34  10−1µA cm−2. Meanwhile, the peak current density of reduction 

(Ipc) for both samples were −1.33  102 µA cm−2 and −5.89  101 

µA cm−2, respectively. The specific capacitance, C are 125.08 C and 

157.71 C for both samples. Spectrometry analysis by UV-Vis 
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spectrometry showed a significant absorbance reduction and chemical 

shifting when 0.005 M FeCl3 was added to liquid POME. By using the 

ATR-FTIR analysis, it was revealed that the chemical bonds changed on 

dried solid POME after degradation with the addition of 0.005 M FeCl3. 

Amorphous diffractogram patterns were identified for both samples by 

XRD analysis. An increase in surface area from 0.94 m2 g−1 to 

18.55 m2 g−1 was also revealed from the BET analysis. This research 

contributes to the knowledge on the role of ion exchangers Fe2+/Fe3+ 

mediator, providing a foundation for effective liquid POME treatment. 

1 INTRODUCTION 

Palm Oil Mill Effluent (POME) is highly concentrated wastewater generated during the palm oil 

production process. It is crucial to treat POME for sustainable palm oil production since it has substantial 

organic content and the potential of harming the environment1–4. The use of Fe2+/Fe3+ ion exchangers 

mediators in POME degradation proven to be an effective application. The existence of these ions improves 

the redox reactions, and hence, the improvement in the effluent quality by facilitating the degradation of 

contaminants in liquid POME. The degradation reaction and rate of biomass like POME are affected by 

factors, such as temperature, pH, and concentration5–7. A study conducted by Abeish et al.8 showed that the 

efficiency of heterogeneous photocatalytic degradation processes can be enhanced by including both Fe2+ 

and Fe3+ as ion exchangers. The iron ions, which are mediators in oxidation and reduction reactions, 

influence the properties and chemical behaviour of substances in liquid POME. The ion mediator that uses 

the Fe2+/Fe3+ exchanger is also involved in various catalytic processes. The transfer of Fe ions between 

different oxidation states is essential9,10. In specific reactions such as the Fenton reaction, the conversion of 

Fe3+ to Fe2+ plays a crucial role. This process enables the Fe2+ ion to be part of the generation of hydroxyl 

radicals11. The importance of the Fe2+/Fe3+ ratio is shown by the enhanced catalytic efficiency of Cu, Mg, 

and Fe in layered double hydroxides with specific Fe2+/Fe3+ ions ratios12. In addition, the catalytic activity 

can be influenced by the variations in the electronic structure of ion Fe in catalysts, which is dependent on 

their oxidation states13. In this study, 0.005 M FeCl3 is ideal for the process of degradation by Fe2+/Fe3+ ion 

exchanger mediator set at room temperature. Characterisation techniques such as ultraviolet-visible 

(UV-Vis) and Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR), Cyclic 

Voltammetry (CV), X-ray Diffraction (XRD), and Brunauer-Emmett-Teller (BET) were applied. This 

study offers valuable insights into the efficacy of Fe2+/Fe3+ ion exchangers for the chemical degradation of 

organic compounds in liquid POME. This method of using Fe2+/Fe3+ ion exchanger mediator is a better 

strategy to enhance the effectiveness of liquid POME degradation. 

2 EXPERIMENTAL 

2.1 Chemical and materials 

Iron (III) chloride hexahydrate (FeCl3·6H2O), and Crystal AR were obtained from HmbG® 

Chemical, Germany. Hydrochloric Acid (HCI), 37%, Sigma-Aldrich, USA, and 100 mL of liquid Palm Oil 

Mill Effluent (POME) were used for the analysis. All chemicals were used as received unless otherwise 

stated. 

2.2 Methodology 

The effect of degradation and synthesis organic reaction of POME were characterized by using 

different techniques to emphasise the changes in the Fe2+/Fe3+ ion exchange mediator. The main goal of 

this study is to analyse the effect of liquid POME utilised for degradation reaction with 0.005 M FeCl3 as 

a catalyst set at room temperature. 5 L of liquid POME were sampled at Sime Darby Research Centre, 

Pulau Carey, Selangor, Malaysia. After sampling, the fresh liquid POME was kept at 4 oC in a chiller before 

analysis.  
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Cyclic voltammetry (CV) for Fe2+/Fe3+ mediated ion exchange analysis 

This analysis evaluates the effectiveness and capability of Fe2+/Fe3+ ion exchangers by adding 0.005 

M FeCl3 to the liquid POME. It employs the Fe2+/Fe3+ ion exchange in liquid POME to evaluate its ability 

to perform redox reactions and enhance the degradation of liquid POME. The CV analysis was carried out 

by using a portable instrument, µStat 300 Biopotentiostat (STAT300 Metrohm). The setup for Cyclic 

Voltammetry (CV) consisted of a three-electrode system, including a Glassy Carbon Electrode (GCE), a 

silver/silver chloride (Ag/AgCl) as a reference electrode, and Platinum (Pt) as a counter electrode. The 

potential window was set up from −1.0 to 1.0 V, with a static scan rate of 0.05 V s−1 at room temperature. 

UV-visible spectroscopy analysis 

This study characterises the degradation and synthesis of organic compounds in liquid POME 

mediated by Fe²⁺/Fe³⁺ ion exchangers under UV light. The behaviour of absorption and transmission was 

then evaluated. The instrument used was a double-beam UV-Vis spectrophotometer (PerkinElmer, Lambda 

35). It is important to reveal the information on the electronic transitions and oxidation states of the ions. 

Prior to the analysis, 3.5 mL of the liquid POME sample was obtained. Then, 0.005 M FeCl3 was added to 

ten percent of the total volume of liquid POME and vortexed to homogenise the sample. The analysis to 

measure the absorbance (a.u.) was set within the 200 to 600 nm wavelength range. Each sample was 

performed in triplicate. This UV-Vis analysis, one of the non-destructive techniques, offers studies on 

various materials, including organic compounds and metal ions14. The standard guideline for this analysis 

is in line with the Standard Practices for General Techniques of Ultraviolet-Visible Quantitative Analysis 

(ASTM E1169-16). 

ATR-FTIR analysis 

This experimental study using ATR-FTIR analysis aims to characterize the chemical composition 

and identify chemical bonds found in the samples by focusing on the vibration of molecules. The 

investigation was conducted by using the PerkinElmer 1600 Series FTIR instrument. Dried solid POME 

was prepared by placing 100 mL of liquid POME in a porcelain crucible and drying it at 104  1oC for one 

hour in an oven. Subsequently, it was allowed to cool in a desiccator and weighed. The standard used was 

the Standard Methods Committee of the American Public Health Association APHA-2540 solids- Standard 

Methods for the Examination of Water and Wastewater. This analysis required 3 g of material. Before the 

analysis, the wavelength range was set from 4,000 nm to 1,000 nm, with the scan number applied 20 times. 

When the parameters were set, the sample was placed in close contact with the ATR crystal. This analysis 

followed closely the ASTM E168, (amendment) E1252 Fourier Transform Infrared Spectrometry standard. 

X-ray diffraction (XRD) analysis 

This analytical technique uses diffraction to measure crystallinity by quantifying the scattering of 

X-rays. It is used to determine the phase composition and purity of samples. The analysis was conducted 

by using an XRD instrument - PANalytical X'pert Pro model DY25. The instrument was equipped with a 

Cu Kα anode and performed at a voltage of 40 kV throughout the analysis. Before performing the analysis, 

2 g of each dried solid POME, dried solid POME+FeCl3, and catalyst FeCl3 were measured and placed on 

the sample holders. All the samples of dried solids were prepared in a similar manner using ATR-FTIR 

analysis. As a standard guideline for analysis, the Standard Guide for Forensic Analysis of Geological 

Material by Powder X-Ray Diffraction ASTM E3294-22 was observed.  

BET porous analysis 

The Brunauer-Emmett-Teller (BET) method is used to measure the specific surface area of a 

substance by estimating the quantity of gas absorbed onto its surface. The analysis began with weighing of 

0.12 g sample, which must undergo a degassing process performed by the Micromeritics Smart Prep 

Programmable Degas System. Then, a separate instrument from Micromeritics ASAP 2060 was used for 

porous analysis. The main procedures involved were degassing, dehydrating, and purifying, which were 

necessary for all the samples. This was then followed by exposing the sample to nitrogen gas at room 
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temperature for porous analysis. The temperature program was set between 150 oC and 300 oC. The output 

of this analytical data was utilized to examine the adsorption and desorption processes that can be used to 

determine the specific surface area per unit mass. The BET analysis is capable of dealing with different 

pressures and providing data on the distribution of pore sizes and the total volume of pores in a material. 

The Standard Test Method for Carbon Black-total and External Surface Area by Nitrogen Adsorption, 

ASTM D6556-21 was used as a guideline for this analysis. 

3 RESULTS AND DISCUSSION 

3.1 Cyclic voltammetry (CV) analysis 

Fig. 1 (a) and (b) show the cyclic voltammetry (CV) curves which are also known as 

voltammograms. This analysis involves a redox reaction to assess the current response of electroactive 

species to a sweeping potential. There are two sets of voltammograms (a) and (b), which are (a) Distilled 

water and 0.005 M FeCl3 and (b) fresh liquid POME and liquid POME+FeCl3. The voltammograms display 

the electrochemical properties through oxidation and reduction reactions, which are known as redox 

reactions. They also show the value of current peak density for both oxidation (Ipa) and reduction (Ipc). 

Fig. 1 (a) displays the CV analysis for distilled water showing the same value for both Ipa and Ipc, that is, 

0.94 100 µA cm−2 and −0.94  100 µA cm−2. However, the negative (−) symbol represents reduction 

reaction to current response. The Ipa and Ipc values for 0.005 M FeCl3 are 1.82  100 µA cm−2 and 

−8.82  100 µA cm−2 respectively while the capacitance (C) values for distilled water and 0.005 M FeCl3 

are 8.80 C and 1.84 C respectively.  This significant relationship between CV and specific capacitance (C) 

lies in its ability to reveal the mass of active material, Q(C), which is used to describe the energy charge 

during charge transfer in Fe2+/Fe3+ ion exchange mediator through the redox reaction15. 

Fig. 1 (b) shows two voltammograms for liquid POME+FeCl3, indicating lower peak currents at 

reduction, Ipc (−5.89  101 µA cm−2) compared to fresh liquid POME, which has higher Ipc 

(−1.33  102 µA cm−2). This proves that adding 10% of 0.005 M FeCl3 indeed enhanced the redox 

reaction16. The addition of 0.005 M FeCl3 affected the kinetics of the electrochemical reactions. The 

difference between the forward and backward scans is known as hysteresis, and it represents the area under 

the voltammograms. When comparing the area under the voltammograms in each sample, it reveals that 

the fresh liquid POME+FeCl3 is broader than the fresh liquid POME voltammogram. The broad area under 

each voltammogram indicates the specific capacitance (C) of the sample.  When 0.005 M FeCl3 is added to 

the liquid POME, an increase in the charge transfer species of the electrochemical reaction resulted. This 

specific capacitance (C) indicates the mass of active material charge measured during the CV analysis17. 

Table 1 displays the data from the CV analysis, showing the response of current values based on the 

oxidation and reduction reaction. The tabulated data extracted from the peaks on voltammograms represent 

both anodic peak current density (Ipa) and cathodic peak current density (Ipc). Noticeably, the similar Ipa 

value (1.34  10−1) of both samples indicates that they display the same behaviour in anodic reactions during 

this oxidation reaction. In contrast, there are contradictory observations which reveal a difference in the Ipc 

value, with liquid POME exhibiting a higher current value, µA cm−2 (−1.33  102), compared to liquid 

POME+0.005 M FeCl3 (−5.89  10−1). This is caused by the presence of 0.005 M FeCl3, which has stronger 

influence on the cathodic reaction. The negative (−) sign indicates the current response for the reduction 

reaction in redox reaction. This CV analysis shows a reversible reaction of the Fe2+/Fe3+ ion exchanger 

mediator and represents the redox reaction behaviour. The specific capacitance value reveals that the 

catalyst (0.005 M FeCl3) boosted the specific capacitance (C) from 125.08 C to 157.71 C, showing an 

improvement in the capacitance performance. 
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(a) 

 

 
 

(b) 

Fig. 1. Voltammograms of CV analysis of (a) Distilled water and 0.005 M FeCl3; (b) Fresh liquid POME, and liquid 
POME+0.005 M FeCl3.  
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Table 1. Voltammogram Data from CV analysis of Fresh liquid POME and liquid POME+0.005 M FeCl3 

 

Sample 

Anodic peak current 

density, Ipa              

(Current µA cm–2) 

Cathodic peak current 

density, Ipc                

(Current µA cm−2) 

 

Specific Capacitance (C) 

Distilled Water  0.94  100 −0.94  100 1.84 

0.005 M FeCl3  1.82  100 −8.82  100 8.80 

Fresh liquid POME  1.34  10−1 −1.33  102 125.08 

Liquid POME + 0.005 M FeCl3 1.34  10−1 −5.89  101 157.71 

 

During oxidation in the system, Fe²⁺ ions lose an electron to become Fe³⁺ ions in an electrochemical 

process. Oxidation occurs at the anodic peak potential (Ipa), where the current reaches its maximum value 

for the oxidation reaction18. During electron transfer, the Fe2+ ion at the surface of the electrode donates an 

electron to the electrode. This oxidation process is shown in Equation 1. 

Fe2+ → Fe3+ + e− (1) 

During reduction in the system, Fe³⁺ ions gain an electron to change back to Fe²⁺ ions. Reduction 

happens at the cathodic peak potential (Ipc), where the current reaches its maximum value for the reduction 

reaction. Equation 2 shows the reduction mechanism (backward scan), 

Fe3+ + e− → Fe2+ (2) 

3.2 UV-Vis analysis 

Three different samples were examined in this study which were 0.005 M FeCl3, liquid POME 

combined with FeCl3, and fresh liquid POME. Fig. 2 depicts a graph of the absorption spectra, with 

absorbance (a.u) plotted against wavelength (nm). There are three curves displayed with each representing 

a different sample, that is, a blue line spectrum for 0.005 M FeCl3, a green line spectrum for fresh liquid 

POME, and a red line spectrum for POME + 0.005 M FeCl3. Each sample unveiled specific properties in 

its absorption in UV-Vis radiation. This study examines a UV-Vis absorption spectrum from 200 to 600 

nm, with the specific wavelengths at 241 nm and 301 nm represented by dashed lines in yellow. The 

significance of these wavelengths in absorbance activities and optical properties were characterized19. At 

wavelength 241 nm, the blue line spectrum depicted a fresh liquid POME that has a slightly lower peak 

absorbance value, 3.00 a.u than the spectrum of 0.005 M FeCl3 solution which is 3.129 a.u. Compared to a 

wavelength at 301 nm, the absorbance slightly contradicted between fresh liquid POME and 0.005 M FeCl3 

solution as their respective absorbance values were 2.87 a.u and 2.96 a.u. This indicates that the 0.005 M 

FeCl3 has an inherent capacity to efficiently absorb radiation within this particular band of wavelengths. 

The red line spectrum showed that the liquid POME+FeCl3 sample has the lowest absorbance peak.  

At wavelengths of 241 nm and 301 nm, the combination of POME with 0.005 M FeCl₃ brought 

about lower absorbance (a.u.) compared to fresh liquid POME and the 0.005 M FeCl₃ solution. It is 

remarkable that all three spectra displayed a comparable pattern and were characterised by a notable 

increase in absorbance readings. When comparing the three spectra, it is clear that the introduction of 0.005 

M FeCl3 to liquid POME causes an increase in absorbance compared to liquid POME+0.005 M FeCl3. This 

implies that there may be interactions between FeCl3, and the compounds present in fresh liquid POME, 

which influence their absorbance ability. Table 2 shows the UV-Vis analysis data on 0.005 M FeCl3 

solution, fresh liquid POME, and POME with 0.005 M FeCl3. 

In addition, there is no substantial wavelength shift in the three samples when the wavelength is 241 

nm. This indicates that the fundamental character of the absorbing species remains unaffected. The changes 

in absorbance are due to alterations in the absorbing species at a wavelength of 301 nm. It is noted that at 

301 nm, the changes in absorbance values are more distinct due to the exchange of Fe2+/Fe3+ ions in the 

ion-exchanger mediator. As predicted, at the wavelength of 301 nm, the reduction of Fe3+ ions is more 

dominant compared to the oxidation of Fe2+ ions. This is due to the instability of Fe2+ ions compared to the 

more stable Fe3+ ions. The addition of 0.005 M FeCl3 to fresh liquid POME enables it to establish a synthesis 
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reaction with the organic compounds present. This reaction occurs because 0.005 M FeCl3 itself is an ideal 

Lewis acid to start the organic synthesis process and result in reduced UV absorbance. However, there is a 

possibility that other compounds present in the fresh liquid POME may absorb light at similar wavelengths 

as FeCl3, thus, causing interference and making the absorbance readings less accurate20. 

 

 

Fig. 2. UV-Vis Spectrum of 0.005 M FeCl3, fresh liquid POME, and liquid POME+0.005 M FeCl3. 

 

Table 2. The absorbance of three samples at wavelengths 241 nm and 301 nm with shifting  

Sample Wavelength, nm Shifting 

241 301  

Absorbance (a.u) Absorbance (a.u) 

0.005 M FeCl3 3.129 2.96 Absent  

Fresh liquid POME 3.00 2.87 Wavelength changed from 301 nm to 306 nm with 

absorbance changed 2.87 a.u  to 2.83 a.u  

Liquid POME + 0.005 M FeCl3 2.80 2.47 Wavelength changed from 301 nm to 287 nm with 

absorbance changed from 2.47 a.u  to 2.65 a.u   

 

3.3 Chemical shifting 

Complexometric shifts refer to the emergence of new absorption bands in the existing bands 

probably caused by the existence of metal ions such as Fe³⁺ and ligands. Changes in the concentration of 

the absorbing species result in variations in absorbance. Generally, it does not change the absorption 

maximum unless there is aggregation or de-aggregation. The ionization state of the absorbing species might 

differ, resulting in variations in the absorption spectrum21. The absorption peak at around 301 nm in the 

0.005 M FeCl3 solution due to transitions between energy levels related to the d-orbitals of Fe³⁺ ions. The 

0.005 M FeCl3 spectra indicate its suitability as a catalyst for organic synthesis22. Different absorbance 

values are revealed when 0.005 M FeCl3 is added to liquid POME compared to fresh liquid POME. This is 
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caused by the Fe2+/Fe3+ ion-exchange mediator in fresh liquid POME which causes the absorbance value 

to be reduced and shifted. Such effect is most probably related to the decline in the concentration of active 

species which is able to absorb UV light. The exact electronic transitions are dependent on the organic 

compounds present in fresh liquid POME and may arise from the synthesis of new by-products23. 

The 0.005 M FeCl3 solution displays dominant absorption peaks at 241 nm and 301 nm wavelengths, 

indicating a transition between energy levels related to the d-orbitals of Fe³⁺ ions.  A ligand-to-metal charge 

transfer (LMCT) transition refers to the process in which an electron is elevated from a ligand orbital to an 

unoccupied d-orbital of the metal ion. The absorption in the UV region of fresh liquid POME and liquid 

POME+0.005 M FeCl3 can be connected to electronic transitions occurring within the organic compounds 

found in the fresh liquid POME. These transitions might involve the movement of an electron from a 

bonding π orbital to an antibonding π* orbital (referred to as π to π* transitions), or the movement of non-

bonding electrons in n orbitals to π* orbitals (referred to as n to π* transitions)24. 

The organic compounds with conjugated double bonds found in fresh liquid POME, allow them to 

absorb UV light and transit from π to π*. In this process, an electron in a bonding π orbital is promoted to 

a higher-energy antibonding π* orbital, typically leading to absorption in the UV-visible region. Molecules 

containing non-bonding electrons (n) have the ability to undergo n to π* transitions, where a non-bonding 

electron is promoted to an antibonding π* orbital. These transitions often need lower energy compared to 

π to π* transitions and are frequently seen in compounds containing functional groups like carbonyls or 

nitro groups25. 

3.4 ATR-FTIR analysis 

The ATR-FTIR spectrum of solid FeCl3, dried solid POME, and dried solid POME+FeCl3 is shown 

in Fig. 3. The solid FeCl3 spectrum displays pronounced peaks at 1,615 nm in particular. This indicates the 

existence of vibrational functional groups that are characteristic of solid FeCl3. Unlike the dried solid 

POME, the dried solid POME+FeCl3 spectrum demonstrates different peak intensities because of chemical 

changes during degradation with 0.005 M FeCl3. The peak at 3,418 nm which corresponds to O-H bond 

stretching may weaken, suggesting variations in the interactions and concentrations of hydroxyl groups26. 

The dried solid POME spectrum displays clear and well-defined peaks at 3,418 nm and 2,928 nm in 

particular, which correspond to O-H and C-H stretching vibrations, respectively. These peaks characterized 

the organic compounds found in the composition of POME27. 

Table 3 reflects the presence and characteristics of peaks observed in Fig. 3. The changes in the 

chemical bonds and vibration types on fresh liquid POME and liquid POME+FeCl3 were due to the 

degradation process. 

Based on the data in Table 3, the wavelength corresponding to the O-H stretch is observed at 

3,418 nm. The results reveal the existence of hydroxyl groups (O-H) in both the dried solid POME+0.005 

M FeCl3 and dried solid POME samples, unlike solid FeCl3 which does not display this characteristic. The 

O-H stretching identified might be caused by the presence of alcohol, phenol, or water molecules in both 

samples, but not in solid FeCl3. The absorption observed at a wavelength of 2,928 nm and the formation of 

C-H stretch region were indicatives of vibrations associated with C-H stretching. This confirms the 

existence of organic compounds that contain methyl or methylene functional groups but not in solid FeCl3.  

This is due to the inorganic characteristic of FeCl3 and non-existence of hydroxyl groups28. The presence 

of absorption at a wavelength of 2,358 nm was observed in the solid FeCl3 sample, but it was not detected 

in either of the POME samples. Also, the specific type of bond associated with this absorption was not 

singled out. The absorption at 1,615 nm wavelength, which corresponds to the C=C/C=O stretching was 

associated with either the stretching vibrations of C=C bonds in aromatic compounds or the stretching of 

C=O bonds in carbonyl groups. The solid FeCl3 prominently exhibits a visible peak at this specific 

wavelength, which may be attributed to the coordination of the ion Fe3+. Both POME samples also display 

similar absorption, and it is suspected that the existence of unsaturated or carbonyl chemicals in both the 

dried solid POME+0.005 M FeCl3 and dried solid POME samples29 contributed to it. 
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Fig. 3. FTIR Spectrum of dried solid POME, dried solid POME+0.005 M FeCl3 and solid FeCl3. 

 

Table 3. FTIR spectrum analysis data and the possible bonding found 

Sample    
3,418 nm                          

(O-H Stretch)  

2,928 nm                         

(C-H Stretch)  

2,358 nm                                             

(C-H) 

1,615 nm                          

(C=C/C=O Stretch) 

Solid of FeCl3 Absent  Absent  Present  Present (Prominent) 

Dried solid POME+FeCl3 Present  Present  Absent Present  

Dried solid POME Present  Present  Absent Present  

 

Overall, the analysis of the solid FeCl3 sample shows the absence of absorption feature of organic 

compounds but the existence of a significant peak at 1,615 nm, revealing that it is primarily composed of 

inorganic components. The presence of O-H and C-H stretches in the dried solid POME+0.005 M FeCl3 

sample suggests that the degradation process with 0.005 M FeCl3 failed to eliminate these functional groups 

completely. This analysis reveals a diverse composition of organic compounds present in both dried solid 

POME and dried solid POME+FeCl3. 

3.5 XRD analysis 

XRD is a scientific method employed to ascertain the crystallographic arrangement, crystalline 

phase, and further structural characteristics of materials. The peak which exhibits the greatest intensity is 

the most dominant crystallographic plane present in the sample. In Fig. 4, the XRD pattern shows peaks at 

different 2θ angles, corresponding to different crystallographic planes of the compound. The peaks are 

labelled with their respective Miller indices. The highest crystallinity characteristics are displayed by a 

principal peak at peak (c). The sharp peaks revealed in the XRD diffractogram authenticate the presence of 

crystalline properties. Every peak corresponds to a set of crystallographic planes that reflect X-rays at 

specific angles according to Bragg's law. The primary peak indicates a well-organised structure with a 
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prevailing alignment of crystals.  A reference pattern from the Joint Committee on Powder Diffraction 

Standards (JCPDS) file number 19-0629 for comparison is also included in the graph. This database 

provides standard reference patterns for material identification and crystallographic analysis. The XRD 

pattern of FeCl3.6H2O exhibits distinct peaks and confirms the crystalline nature of the material.  

 

Fig. 4. XRD diffractogram of solid FeCl3·6H2O with JCPDS No. 19-0629. 

Table 4 shows the information regarding the peaks pattern of FeCl3·6H2O with JCPDS No. 19-

062930. It shows the principal peak (c) at 2θ range 45–55 degrees, with Miller indices (311), as the most 

intense peak. This is mainly attributed to the primary crystallographic orientation and thus, confirms the 

presence of the 311 plane in the crystal lattice.  As for the secondary peaks, they are labelled as follows: (a) 

222 at a range of 30–35 degrees, (b) 220 at a range of 35–45 degrees, and (d) 440 at a range of 68–75 

degrees. Peak (a), corresponds to the 222 plane, is less intense than other secondary peaks. While peak (d) 

corresponds to the 440 plane in the range of 68–75 degrees, completes the identification of significant 

crystallographic reflections. The observed peaks were confirmed to match the JCPDS reference pattern.  

 

Table 4. Peaks pattern of FeCl3·6H2O with JCPDS No. 19-0629 

Peak Label 2θ (degree) Miller indices Description  

a 30-35 (222) Secondary Peak  

b 35-45 (220) Secondary Peak 

c 45-55 (311) Principal Peak  

d 68-75 (440) Secondary Peak 
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Fig. 5. XRD diffractograms of dried solid and dried solid POME+FeCl3. 

Fig. 5 shows two X-ray diffraction (XRD) patterns employed for the identification of the crystalline 

structure of materials. The XRD diffractogram exhibits distinct peaks that correspond to the scattering of 

X-rays from the atomic planes within the crystal lattice of the samples. The two diffractograms represent 

dried solid POME+FeCl3 and dried solid POME. The presence of sharp peaks indicates the presence of 

crystalline materials, and the height of each peak corresponds to a specific crystalline phase31.  Both dried 

solid POME+FeCl3 and dried solid POME display distinct peak characteristics in XRD patterns and 

variations in the intensity and the number of peaks were also observed. The dried solid POME exhibits a 

distinct peak at a lower 2θ (degree) value, but such a distinct peak is absent in the dried solid POME+FeCl3. 

This indicates a variation in the crystalline composition between the two samples. The dried solid 

POME+FeCl3 displays multiple distinct peaks that are less prevalent compared to those in the dried solid 

POME. These differences most likely are the result of changes in the crystalline phases of POME, which 

occurred during the adding of catalyst (0.005 M FeCl3) in the degradation process. Thus, the dried solid 

POME+FeCl3 exhibits an increased background intensity compared to the dried solid POME. This suggests 

that the dried solid of POME+FeCl3 sample contains an amorphous component that contributes to the 

diffuse scattering observed in the background. Despite the presence of sharp peaks indicating crystalline 

phases, the overall increase in background intensity points to the coexistence of amorphous material within 

the sample. The dual presence of crystalline and amorphous phases was due to the chemical changes and 

interactions introduced by the addition of FeCl3 during the degradation process32. 

3.6 BET analysis 

Table 5 shows the results obtained from a Brunauer-Emmett-Teller (BET) analysis of dried solid 

POME and dried solid POME+FeCl3. BET analysis is a technique employed to quantify the precise surface 

area of materials, usually by measuring the absorption of gas onto the surface of the material. Surface area 

(m² g−1) refers the total area per unit mass of a sample33. The dried solid POME has a surface area of 0.94 m² 

g−1, but the dried solid POME+FeCl3 exhibits a substantially larger surface area of 18.55 m² g−1. The 

adsorption size (nm) is the mean pore diameter on the material’s surface which is determined through 
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adsorption measurements. The dried solid POME has an adsorption size of 10.49 nm, while the dried solid 

POME+FeCl3 has a greater adsorption size of 21.88 nm.  

 Table 5. BET Analysis of dried solid POME and dried solid POME+FeCl3 

Parameter Dried solid POME 
Dried solid  

POME+FeCl3 

Percentage  

%  

Surface Area (m2 g−1) 0.94 18.55 94.82 

Adsorption, nm 10.49 21.88 52.07 

Desorption, nm 31.59 18.41 3.17 

 

The surface area of dried solid POME+FeCl3 increased substantially from 0.94 m² g−1 to 18.55 m² g−1 

compared to dried solid POME, reflecting a 94.82% increase. This notable change in porosity enhances its 

reactivity, specifically in adsorption capacity. The adsorption capacity of dried solid POME+FeCl3 

increased by 52.07%, from 10.49 nm to 21.88 nm compared to dried solid POME. This is due to the addition 

of catalyst (0.005 M FeCl3) which modified the surface area during the chemical synthesis reaction. The 

desorption capacity of dried solid POME decreased slightly by 3.17%, from 31.59 nm to 18.41nm when 

compared to dried solid POME+FeCl3. This implies a stronger binding of substances in dried solid 

POME+FeCl3 compared to dried solid POME.  

The observed increase in surface area from dried solid POME to dried solid POME+FeCl3 indicates 

that the process of degradation in liquid POME has considerably changed the material’s properties which 

potentially leads to an increase in porosity and surface roughness. The difference in the adsorption and 

desorption diameters indicates distinct pore architectures between dried solid POME and dried solid 

POME+FeCl3. The changes in the desorption size of dried solid POME reveal that the material has an 

intricate pore structure, and there is a possibility that the pores of different sizes become inaccessible during 

the desorption process. The BET analysis has revealed both dried solid POME and dried solid POME+FeCl3 

have mesoporous characteristics34. Thus, the reduction in desorption size for the dried solid POME+FeCl3 

compared to its adsorption size is unforeseen and may be due to pore blockage that hinders the accessibility 

of pores during desorption. 

4 CONCLUSION 

Overall, the utilisation of Fe2+/Fe3+ ion exchange mediator as a mediator for POME degradation 

through synthesis reaction shows significant potential for improving the sustainability of palm oil 

production by enabling more efficient biomass treatment like POME. The study establishes a basis for 

further investigation and advancement of more effective POME treatment techniques which could result in 

decreased ecological consequences. 
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