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Abstract: An eco-friendly magnetic nanocomposite based on cellulose nanocrystals (CNCs) was synthesized through 
a rapid and straightforward method, utilizing electrostatic interactions between Fe2O3 nanoparticles and CNCs 
(CNCs/Fe2O3). These nanocomposites were characterized by scanning electron microscopy-energy dispersive X-ray 
spectrometry (SEM-EDX) and Fourier transform infrared spectroscopy (FTIR). These hybrid materials were 
effectively employed for the adsorption of three polycyclic aromatic hydrocarbons (PAHs), naphthalene, fluorene and 
pyrene from water samples, using magnetic solid-phase extraction (MSPE) as the preconcentration technique. Among 
the tested formulations, the CNCs/Fe2O3 with a mass ratio of 3/1 demonstrated the highest adsorption capacity for all 
three PAHs. The following order was observed for the extraction efficiency: pyrene > fluorene > naphthalene. MSPE 
process was optimized using a Plackett–Burman design to identify the most influential experimental parameters. 
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शोधसार: प्रस्ततु अनुसन्धानमा फेरिक अक्साइड ि सेललुोजका नानोकणिकाहरु णिचको णस्िि णिद्यणुतय अन्तिणियाको उपयोग गिेि 

चमु्िकीय गिुयकु्त िातािििमतै्री नानोसणमश्रि संशे्लषि गने णिटो ि सिल णिणधको अध्ययन गरिएको णियो । यसिी तयाि गरिएका 

सणमश्रिहरूको अनेकन णिशेषताहरु णनधाािि गनाका लाणग स्क्याणनङ इलेक्रोन माइिोस्कोपी–इनजी णडस्पणसाभ एक्स-िे स्पके्रोमेरी 

(SEM-EDX) ि फोरिएि रान्सफमा इन्रािेड स्पेक्रोस्कोपी जस्ता उपकििहरु प्रयोग गरिएका णिए । उक्त सणमश्रिहरूलाई चमु्बकीय 

ठोस निष्कर्षण प्रनिनि (MSPS) समेत अपनाएि पानीलाई निाम्रिी दणुषत गन े३ णिणभन्न प्रकािका पोणलएिोम्याणटक हाइड्रोकािानहरू 

(जस्तैैः नाफ्िाणलन, फ्लोरिन ि पाइरिन ) को प्रभािकािी अिशोषिका लाणग प्रयोग गरियो । पिीक्षि गरिएका नमनुाहरू मध्ये सेललुोज 

ि फेरिक अक्साइडका नानोकणिकाहरुको मात्रात्मक अनुपात ३:१ िहकेो नानोसणमश्रिल ेदहेाय अनुसािको िममा सिोत्तम अिशोषि 

क्षमता प्रदशान गिेको पाईयो: पाइरिन > फ्लोरिन > नाफ्िाणलन । णनष्कषामा दणुषत-जल-प्रशोधन प्रयोजनािा प्रभािी प्रयोगात्मक 

सचुकहरूको पणहचान हतेु प्लाकेट  -िमान णडजाइनको उपयोग गिी उल्लेणित चमु्िकीय ठोस णनष्कषाि प्रणिणधको पणन सधुाि गरिएको 

णियो । 

 

INTRODUCTION

Water is extensively used in the petroleum industry 

to enhance oil production. The resulting byproduct, 
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known as produced water or oily water, is extracted 

from the reservoir alongside crude oil. This mixture 
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comprises formation water (naturally occurring 

water within the reservoir) and connate water 

(injected water used to boost oil extraction and 

maintain the reservoir pressure). Produced water 

contains elevated level of organic pollutants, 

notably polycyclic aromatic hydrocarbons (PAHs) 

(Amakiri et al., 2024). Other prevalent 

contaminants include BTEX compounds (benzene, 

toluene, ethylbenzene, xylenes, and phenol), all 

classified as high-priority chemicals by the EPA 

(2019) and WHO (2019). Nowadays, global oil 

production increases to supply energy demand. 

Consequently, the volume of produced water also 

escalates. (Amakiri et al., 2022). 

PAHs are persistent organic pollutants 

characterized by two or more condensed aromatic 

rings. They are hazardous to both the environment 

and human health, exhibiting carcinogenic, 

mutagenic, and immunosuppressive properties 

(EPA, 2019; WHO 2019). The discharge of the 

produced water into marine environments is a 

significant source of PAH contamination. Studies 

have identified and quantified PAHs in oily water 

samples (Binet et al., 2011; Gabardo et al., 2011; 

Venkatesan and Wankat, 2017). PAHs present low 

water solubility, low volatility, and tend to 

accumulate in organisms and aquatic sediments 

(Zhang et al., 2016). 

Concentrations of PAHs in produced water range 

from about 0.01 µg L-1 to 1512 µg L-1, with 

naphthalene and fluorene among the most prevalent 

(Table 1) (Pampani and Sydnes, 2013; Petrobras, 

2021). Variations in concentration levels are 

attributed to differences in oil field locations and 

reservoir characteristics.  

Naphthalene is genotoxic and induces tumors in 

experimental animals (IARC, 1985; IARC, 2012). 

Additionally, naphthalene irritates human skin and 

can cause allergic reaction in both humans and 

animals (IARC, 2012). Fluorene is not classified as 

a carcinogen; however, studies on oral exposure in 

humans demonstrated a decrease in red blood cell 

count, packed cell volume, and hemoglobin levels 

(EPA, 1990a). Pyrene is not classified as 

carcinogenic by the EPA (1990b); nevertheless, it is 

a skin irritant, a suspected mutagen, and a possible 

tumor-causing agent (EPA, 1990b). 

 

Table 1. Concentration values (µg L-1) of major PAHsin produced water from various marine regions 

(Pampanim and Sydnes, 2013; PETROBRAS, 2021. 

 

Compound Great 

Britain 

North Seaa 

Scotian Shelf 

Canadaa 

North America 

Gulf of 

Mexicoa 

Brazil 

Santos Basin  

FPSO* 

Mangaratibab 

Brazil 

Santos Basin  

FPSO* P-66 

Angra dos Reisb 

Pyrene 0.03 - 1.9 0.36 0.01 - 0.29 0 - 0.40 <0.05 - 0.12 

Naphthalene 237 – 394 1512 5.3 - 90.2 17.3 - 33.5 20.2 - 80.3 

Fluorene 2.6 - 21.7 13 0.06 - 2.8 1.2 - 1.8 0.80 - 4 

Phenanthrene 1.3 - 32.0 4.0 0.11 - 8.8 0 - 7.0 2.7 – 16.5 

Anthracene ND 0.26 0.45 ND <0.05 

Total PAHs 419 - 1559 2148 40 - 600 27.6 - 39 23.8 - 101 

a (Pampanim and Sydnes, 2013);  
b (PETROBRAS, 2021).                            

*Floating Production Storage Offloading Unit

Produced water treatment typically occurs at the oil 

field surface, utilizing separation tanks, 

hydrocyclones and floaters units. The disposal 

process follows the guideline established by 

CONAMA Resolution 393/2007, which allows for 

an average concentration of oil and grease up to 29 

mg L-1, and a maximum daily limit of 42 mg L-1 

(CONAMA, 2007; Petrobras, 2022). For marine 

disposal, the resolution also establishes monitoring 

of additional parameters, including organic 
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compounds (PAHs, BTEX, phenols and evaluation 

of total hydrocarbons) (CONAMA, 2007).  

Precisely measuring PAH levels in water samples is 

crucial to ensure adherence to environmental 

regulations. This requires effective sample 

preparation and extraction techniques. The common 

analytical techniques for PAHs detection include 

high-performance liquid chromatography (HPLC) 

with UV-visible or fluorescence detection, gas 

chromatography-mass spectrometry (GC-MS), and 

fluorescence spectroscopy (Gratz et al., 2000; Song 

et al., 2012).   

Gabardo et al. collected water samples from 

Guanabara Bay (Rio de Janeiro, Brazil), storing 

them in dark containers at temperatures below 5 °C. 

PAHs were extracted using liquid-liquid extraction 

with n-hexane and analyzed by UV-fluorescence 

spectrometry. PAHs concentrations ranged from 

0.04 to 24.48 µg L-1 (Gabardo et al., 2001).  

Delgado et al. collected seawater samples from a 

Spanish beach near an oil industry and analyzed the 

presence of PAHs by liquid chromatograph 

equipped with a scanning fluorescence detector. 

Subsequent quantification by HPLC allowed the 

determination of 13 PAHs, with limits of detection 

up to 23 mg L-1 and an average total relative 

standard deviation (RSD) of 9.2 % (Delgado et al., 

2004).  

Analyzing PAHs in water requires indirect methods, 

as direct detection is often challenging due to the 

complex composition of the produced water. 

Therefore, the determination of the concentration of 

each compound requires a sample preparation 

process, including efficient extraction techniques. 

One of the miniaturized extraction techniques that 

has been widely used for the extraction of PAHs is 

magnetic solid phase extraction (MSPE). This is a 

miniaturized method that becomes popular for PAH 

extraction. In MSPE, a magnetic hybrid adsorbent 

is dispersed in the liquid sample, favoring 

interaction between the sample and the extracting 

solid phase (Šafařı́ková and Šafařıḱ, 1999). The 

magnetic component allows for easy handling using 

an external magnetic field (magnet), while the 

extracting phase adsorbs the target analytes through 

various chemical interactions (Sasaki and Tanaka, 

2011). Selecting appropriate adsorbent materials 

enhances extraction selectivity and efficiency, and, 

in some cases, the materials can be reused (Yaping 

et al., 2014).  

The magnetic phase in MSPE technique often 

consists of iron-based minerals or iron oxides, such 

as magnetite (Fe3O4) or maghemite (γ-Fe2O3). The 

extracting phase may include organic and inorganic 

compounds forming composites (Yang et al., 2019). 

Some of them include carbon nanotubes integrated 

into iron-based metal-organic frameworks (Yang et 

al., 2022), or graphene oxide modified with 

polyaniline (Manousi et al., 2021) among others. 

The main adsorption mechanism for PAHs is based 

on π-π interactions between the aromatic structures 

and those of the adsorbent material. Consequently, 

an ideal solid adsorbent should possess a high 

surface area and abundant conjugated double bonds 

(Zhang et al., 2011). Carbon-based materials are 

commonly used for PAH adsorption due to their 

high specific surface area and presence of π orbitals 

(Kong et al., 2011).  

The cellulose nanocrystals (CNCs) are renewable 

nanomaterial that serve as green alternatives to 

traditional sorbents for the sample preparation 

techniques due to their biocompatibility, 

biodegradability, and chemical stability (Dufresne, 

2013). CNCs exhibit strong intermolecular and 

intramolecular hydrogen bonds enhancing their 

reactivity (Ruiz-Palomero et al., 2017). 

Additionally, CNCs can be easily coupled with 

magnetic nanoparticles to form magnetic 

nanocomposites, offering efficient and economical 

options for preconcentration, clean-up and 

extraction operations. These composites are 

hydrophilic with controlled retention of the target 

analytes and can be rapidly recovered using a 

magnet (Abujaber et al., 2019).   

The multifunctional properties of the nanocellulose-

based offer significant advantages in the application 

of adsorbent composite materials (Soares et al., 

2024). These materials have garnered attention in 

the treatment of heavy metal wastewater due to their 

increased number of adsorption active sites and 

greater biocompatibility (Habibi, 2014; Bhatnagar 

et al., 2015). These inherent qualities make it 

suitable as a material for oil-water separation. Bio-

based nanocellulose materials are also effective in 

the adsorption and degradation of organic pollutants 

due to their excellent physicochemical properties 

(Aoudi et al., 2022). Nanocellulose can remove 

several pollutants from water such as heavy metal 

ions, nitrates, phosphates, dyes, oils, pesticides and 
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pharmaceuticals due to the possibility of modifying 

their hydroxyl groups (Mautner, 2020). 

In this work, cellulose nanocrystals (CNCs), 

previously produced by an enzyme-mediated 

method (Arantes et al., 2020a), an eco-friendly and 

low-cost method compared to traditional processes, 

was used to synthesize a magnetic nanocomposite. 

In aqueous solution, the CNCs are dispersed and 

negatively charged, allowing the formation of a 

nanocomposite through electrostatic attraction with 

positively charged iron oxide (Fe2O3) magnetic 

nanoparticles. The magnetic composite was 

employed as a sorbent in the MSPE technique. This 

technique, using the newly produced CNCs/Fe2O3 

nanocomposite, enabled the isolation and 

preconcentration of naphthalene, fluorene and 

pyrene in water. These PAHs were selected due to 

their high abundance in the produced water by the 

petroleum industry. 

 

MATERIALS AND METHODS  

Materials 

The CNCs sample used in the synthesis of the 

magnetic nanocomposite was previously obtained 

by enzyme-mediated isolation from a Eucalyptus 

bleached Kraft pulp according to the literature 

(Arantes et al., 2020a; 2020b) and dispersed in 

water at a concentration of 0.3 wt%. FeCl3-6H2O 

and FeSO4-7H2O, as well as naphthalene, fluorene 

and pyrene (analytical standard) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA), NaOH 

(97 % purity, pellets) and HNO3 65 % were acquire 

from Vetec Química Fina (Xerém, RJ, Brazil).  

Distilled water (pH 5) was prepared on a water 

purification system (Q341) supplied by Quimis. The 

organic solvents (acetonitrile, hexane, methanol, 

dichloromethane and pentane) were obtained from 

Labsynth (Diadema, SP, Brazil). Stock standard 

solutions of each PAH (100 mg L-1) were prepared 

in acetonitrile. Working solution (10 mg L-1) of the 

three PAHs was prepared daily by diluting the stock 

standard solutions with distilled water. All solutions 

were stored protected from the light at 4 °C. 

Fe2O3 synthesis 

The magnetic component of nanocomposite, iron 

oxide (Fe2O3), was synthesized exactly according to 

the literature (Fernández and Vidal, 2016). Briefly, 

0.780 g of FeCl3.6H2O and 0.400 g of FeSO4.7H2O 

were dissolved in 250 mL of distilled water. Then, 

a 5 M NaOH solution was added dropwise under 

constant stirring to precipitate the iron oxide. The 

resulting Fe2O3 nanoparticles were washed with 

distilled water until the pH of the washings reached 

7, separated from non-magnetic nanoparticles using 

a neodymium magnet, and dried at 60 °C overnight. 

Synthesis of CNCs/Fe2O3 nanocomposite  

The CNCs/Fe2O3 nanocomposites were synthesized 

based on a method described by Costa dos Reis et 

al. (2017). A dispersion of CNC in distilled water (1 

mg mL-1) was prepared using ultrasound energy 

(Fisherbrand CPX3800) for 1 h. CNC possess 

hydroxyl (-OH) groups on their surface, which, 

upon ultrasound treatment, loose hydrogen ion 

rendering the surface negatively charged. 

Separately, Fe2O3 nanoparticles were dispersed in 

1M HNO3 and sonicated for 30 min to achieve a 

concentration of 150 mg mL-1. This process 

produces a positive charge in their surface. The two 

dispersions were then mixed, and the pH of the 

mixture (CNCs solution + Fe2O3 solution) was 

adjusted to 2. The mixture was vigorously stirred for 

1 h, allowing the electrostatic self-assembly occur, 

forming the CNCs/Fe2O3 nanocomposite. The 

nanocomposite was separated using an external 

magnetic field and dried in an oven at 60 °C 

overnight. CNCs/Fe2O3 ratios of 1/1 and 3/1 (w/w) 

were prepared. Figure 1 illustrates the synthesis 

procedure.  

 

 

 

 

 

 

 

Figure 1. Synthesis procedure of CNCs/Fe2O3 

nanocomposite. 

Magnetic solid-phase extraction procedure 

The CNCs/Fe2O3 nanocomposite developed in this 

study was used as adsorbent in the aqueous sample 

pretreatment technique known as MSPE. The 

studies employed fluorene, pyrene and naphthalene 

as model analytes. Standard solutions of each PAH 

were prepared in acetonitrile at concentrations of 

100 mg L-1. A working aqueous solution containing 

10 mg L-1 of each PAH was then prepared by 
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diluting the standard solutions. The MSPE 

procedure is illustrated in Figure 2.  

 
Figure 2. MSPE procedure for the preconcentration 

of PAHs (prepared by the author). 

 

In the MSPE procedure, 20 mg of CNCs/Fe2O3 

nanocomposite (1/1 and 3/1 mass ratios) were 

mixed with 10 mL of work solution. The mixture 

was agitated for 10 min and the vial was placed on 

a neodymium magnet to separate the 

nanocomposite, which was deposited at the bottom 

due to magnetic attraction. The liquid phase was 

discarded.  

For the adsorption of PAHs, the nanoparticles of the 

nanocomposite were treated with 0.5 mL of hexane 

(eluent) in an ultrasonic bath for 5 min. The eluate 

was separated from the nanocomposite using 

magnetic separation and transferred to a 

chromatography vial for analysis. 

Acetonitrile/dichloromethane mixture was also 

used as eluent. 

Gas chromatography- Flame ionization detection 

(GC-FID) analysis 

Eluates obtained from the MSPE procedure, along 

with standard solutions containing the three PAHs, 

were analyzed using a gas chromatograph 

(Shimadzu, model QP2010) equipped with a 

split/splitless automatic injector and a flame 

ionization detector, Japan. A capillary column 

RTX-5 (diphenyl dimethyl polysiloxane, 30 m x 

0.25 mm ID, 0.25 μm film thickness) was used. The 

injector temperature was set at 250 °C and the 

injection volume was 1 µL in splitless mode. The 

oven temperature program was as follows: initially 

set at 50 °C (held for 3 min), then increased at 30 

°C/min to 300 °C (held for 4 min). Helium (99.999 

%) at a flow rate of 30 mL min-1 was used as carrier 

gas. The detector temperature was set at 320 °C.  

SEM-EDX analysis 

The morphology of the nanoparticles was examined 

using scanning electron microscopy (SEM) with a 

TESCAN VEGA III microscope (Czech Republic), 

operating at 20 kV. Elemental analysis was 

performed with an energy dispersive X-ray (EDX) 

detector from Bruker Nano GmbH (Germany), 

model XFlash 630M. EDX microanalysis is an 

elemental analysis technique associated with SEM, 

based on the generation of characteristic X-rays that 

reveals the presence of elements in the sample. 

Particle size analysis 

Particle size and particle size distribution was 

determined using a laser diffraction particle size 

analyzer (Mastersizer 3000, Malvern Instruments). 

The analyzer employs two light sources: red (632.8 

nm) and blue (470 nm), allowing measurement of 

the hydrodynamic diameter of particles in the range 

of 10 nm to 3500 μm. Analyses were conducted at 

low obscuration (0.5 – 4 %), with a stir rotation 

speed fixed at 3500 rpm, without sonication. The 

input parameters were manually set to assume a 

non-spherical particle model, and the refractive 

index for cellulose (1.4683) was used (Sultanova et 

al., 2013). Each analysis was performed in 

duplicate, with three runs, each comprising five 

successive laser diffraction measurements, totaling 

15 readings per sample. Before each analysis, the 

dispersion unit was automatically cleaned three 

times with ultrapure water.  

Changes in particle size distribution were evaluated 

by comparing the reduction in peak height after 

enzymatic treatment to that of the untreated 

reference pulp (BEKP). The particle size metrics, 

Dx (10), Dx (50) Dx (90), represent the diameters 

below which 10 %, 50 % and 90 % of the particles 

fall, respectively, indicating the distribution of 

particle sizes within the sample. 

 

FTIR analysis 

Fourier Transform Infrared Spectroscopy (FTIR) 

was employed to investigate the chemical structure 

of the samples. Measurements were performed 

using a Perkin Elmer FTIR Spectrometer (Frontier, 

Perkin Elmer, UK), operating with scanning in the 
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range of 400 to 4000 cm−1, with a resolution of 1 

cm−1, and 32 scans. 

Data processing 

The optimization of the MSPE conditions was 

carried out using NEMRODW® statistical software 

(version 2007/2010) (“New Efficient Methodology 

for Research using Optimal Design”) developed by 

LPRAI (Marseille, France). This software 

facilitated the construction of experimental design 

matrices and the analysis of response variables. The 

peak areas from chromatographic analysis of each 

PAH were used as the response function to evaluate 

extraction efficiency. All experimental procedures 

were conducted in compliance with laboratory 

safety protocols and adhered to principles of good 

scientific practice and research integrity. 

 

RESULTS AND DISCUSSION 

Characterization of CNCs/Fe2O3 nanocomposites 

Figure 3 shows the FTIR spectra of CNCs, Fe2O3, 

and the CNCs/Fe2O3 nanocomposites. The CNCs 

spectrum exhibits a broad absorption band centered 

around 3420 cm-1, which is attributed to the O-H 

stretching vibrations of hydroxyl groups in cellulose 

and absorbed water (Maria Claro et al., 2024). A 

distinct peak at approximately 2900 cm-1 

corresponds to the C-H stretching vibration. The 

absorption band observed near 1640 cm-1 is also 

indicative of absorbed water in the sample (Maria 

Claro et al., 2024). Additionally, the band at 1200 - 

1000 cm-1 region is associated with C-O stretching 

vibrations, characteristic of the cellulose backbone. 

In the Fe2O3 spectrum, a broad band around 3400 

cm-1 is attributed to O-H stretching vibrations, while 

a small peak at 1640 cm-1 confirms the presence of 

absorbed water. A prominent absorption band at 

around 630 cm-1 is assigned to the Fe-O stretching 

vibration, in agreement with previously reported 

results (Farahmandjou and Soflaee, 2015). The 

CNCs/Fe2O3 nanocomposite spectrum displays key 

absorption features: a band at 1640 cm-1 consistent 

with absorbed water, a peak around 1390 cm⁻¹ 

corresponding to C–H bending vibrations, and a 

band near 607 cm⁻¹ attributed to Fe–O bond 

stretching. The overall spectral profile of the 

nanocomposite closely resembles that of the CNCs 

spectrum, which can be explained by the high 

proportion of CNCs in the composite (3/1 w/w). 

 
Figure 3. FTIR spectra of (a) CNCs, (b) Fe2O3 and 

(c) CNCs/Fe2O3 nanocomposite. 

 

Figure 4 exhibits the SEM micrographs and the 

corresponding EDX analysis of CNCs, Fe2O3 and 

the CNCs/Fe2O3 (3/1) nanocomposite. The Fe2O3 

nanoparticles appear as irregularly shaped 

agglomerates (Figure 4a) (Costa dos Reis et al., 

2017). EDX analysis confirms the presence of iron 

(58.23 %) and oxygen (36.01 %), consistent with 

iron oxide composition. The SEM image of the 

CNCs (Figure 4b) reveals sheets-like structures, 

which contribute to a high surface area, 

advantageous for extraction purpose. The 

corresponding EDX spectrum (Figure 4e) indicates 

a high carbon content (63.44 %), followed by 

oxygen (33.55 %). A small amount of iron detected 

in the CNCs sample is likely due to contamination 

of CNCs during the enzymatic hydrolysis of 

eucalyptus Kraft pulp. 

Figure 4c shows SEM image of the CNCs/Fe2O3 

(3/1) nanocomposite. The image indicates that the 

smaller Fe2O3 nanoparticles are anchored as discrete 

clusters on the surface of the CNCs sheets. This 

morphology is attributed to electrostatic self-

assembly (Han et al., 2012; Costa dos Reis, 2017), 

driven by the interaction between the positively 

charged Fe2O3 surface and the negatively charged 

CNCs in aqueous solution. As expected, the 

quantity of Fe2O3 in the particle is virtually lower 

than that of CNCs, reflecting the 3/1 (w/w) 

composition. The EDX spectrum of the 

nanocomposite (Figure 2f) shows a predominant 

carbon signal (27.41 %) from the nanocellulose 

matrix, along with oxygen (22.92 %) from both 

CNCs and Fe2O3 , and iron (12.08 %), confirming 

the successful incorporation of Fe2O3 into the 

nanocomposite. 
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Figure 4. SEM images and EDX spectra of (a,d) 

Fe2O3 (b,e) CNCs and (c,f) CNCs/Fe2O3 

nanocomposite. 

 

Figure 5 illustrates the particle distribution of 

Fe2O3, CNCs and CNCs/Fe2O3 (3/1) 

nanocomposite. According to the results, Fe2O3 

nanoparticles presented the average size of 0.46 µm, 

CNCs nanoparticles and CNCs/Fe2O3 (3/1) 

nanocomposite particles presented the average size 

of 0.49 µm and 0.89 µm, respectively. These results 

suggest that Fe2O3  nanoparticles were anchored as 

clusters onto the surface of the CNCs nanoparticles.  

The particle size of the CNCs/Fe2O3 (3/1) 

nanocomposite reduced drastically (0.89 µm) in 

comparison to Fe2O3 and CNCs. The decrease in 

size could be attributed to the breakage of CNCs 

particles during the formation of the nanocomposite 

carried out under vigorous stirring of the mixture of 

Fe2O3 and CNCs solutions. 

Evaluation of the nanocomposite’s ability to 

adsorb PAH 

Preliminary investigations into the adsorption 

performance of the CNCs/Fe2O3 nanocomposite 

were conducted by varying the CNCs/Fe2O3 mass 

ratio. The adsorption efficiency was assessed based 

on the area of the chromatographic peak, since it is 

proportional to the concentrations of the analyte. 

The preconcentration factor (PF) was calculated as 

the ratio Ae/Ao, where Ao and Ae represent the 

chromatographic area of the PAH in the standard 

solution and in the eluate after the extraction, 

respectively. Experiments were initially carried out 

with nanocomposite synthesized at pH 2. Using the 

CNCs/Fe2O3  (1/1) nanocomposite, the PF values 

obtained for naphthalene, fluorene and pyrene were 

0.1, 0.1 and 0.2, respectively. These results suggest 

that pyrene exhibited the highest affinity for the 

adsorbent material. 

 

 
Figure 5. Particle size distribution of Fe2O3, CNCs 

and CNCs/Fe2O3 (3/1) nanocomposite. 

 

When the CNCs/Fe2O3 mass ratio was increased to 

3/1, the PF values improved significantly, reaching 

0.5 for naphthalene, 0.87 for fluorene, and 1.64 for 

pyrene. This indicates that the adsorption efficiency 

is enhanced by increasing the proportion of CNCs 

in the composite, because of their high surface area 

and the electron delocalization (Arantes et al., 

2020). These findings support the hypothesis that 

CNCs serve as the primary adsorptive component in 

the nanocomposite. Higher CNCs contents were not 

tested, as an adequate proportion of Fe2O3 is 

necessary to ensure magnetic responsiveness. A 

significant imbalance between the mass of the 

adsorbent and the magnetic phase could impair the 

efficiency of the magnetic solid-phase extraction 

(MSPE) process.  

Based on the improved performance of the 

CNCs/Fe2O3 (3/1) nanocomposite prepared at pH 2, 

additional batches of this nanocomposite were 

synthesized at pH 7 and pH 10 to evaluate the 

influence of the pH during the synthesis on 

adsorption capacity. Figure 6 shows the average 

chromatographic peak areas for naphthalene, 
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fluorene and pyrene extracted using composites 

prepared at different pH values.  

 

 
Figure 6. Average chromatographic area for 

naphthalene, fluorene and pyrene obtained in 

MSPE´s using nanocomposites synthesized with 

different pH´s. Synthesis conditions: CNCs/Fe2O3 

ratio (w/w) 3/1 and 1 h of magnetic stirring. 

Extraction conditions: nanocomposite = 20 mg; 

standard solution = 20 mL; extraction time = 10 

min; eluent = 1 mL; desorption time = 5 min; pH = 

5; without NaCl addition. 

 

The highest adsorption capacity was observed with 

the nanocomposite synthesized at pH 2. This result 

can be attributed to the electrostatic self-assembly 

process that occurs between the negatively charged 

CNCs and the positively charged Fe₂O₃ 

nanoparticles (Costa dos Reis et al., 2017). At a 

neutral pH (7), the concentration of H+ ions is 

insufficient to fully protonate the Fe2O3 particles, 

reducing the extent of positive charge. 

Consequently, the electrostatic attraction between 

Fe2O3 and CNCs is weakened, resulting in and 

inadequately formed composite with fewer 

magnetic nanoparticles, which negatively affect its 

adsorption capacity. 

In MSPE, nanocomposites with a low proportion of 

the magnetic phase can present challenges in the 

separation step. To further optimize the synthesis 

conditions, nanocomposites with CNCs/Fe2O3 

 mass ratio of 3/1 were prepared at pH 2 with 

different stirring durations - 1 h and 3 h. These 

composites were then evaluated for their 

performance in the preconcentration of 

naphthalene, fluorene and pyrene. The highest 

chromatographic peak areas were achieved using 

the nanocomposite synthesized with 1 h of magnetic 

stirring.  

In conclusion, the optimal synthesis conditions for 

the CNCs/Fe2O3 nanocomposite synthesis were 

determined to be: CNCs/Fe2O3 mass ratio of 3/1, pH 

2 and 1 h of magnetic stirring. 

 

Optimization of the MSPE procedure 

The optimization study employed a Plackett-

Burman design, a two-level fractional factorial 

design suitable for evaluating up to K = N − 1 

variables in N experimental runs, where N is a 

multiple of 4. This design assumes that interactions 

between factors are negligible, allowing the main 

effects to be estimated with a reduced number of 

experiments (Draper, 1985). In this study, an 

experimental matrix was constructed to evaluate 

eight factors, as shown in Table 2. 

Based on the selected experimental design, twelve 

independent trials were conducted in a random 

order. The resulting data were analyzed using 

analysis of variance (ANOVA), and the influence of 

each factor on the response variables was illustrated 

using Pareto charts for each PAH, as shown in 

Figure 7. In these charts, the length of each bar 

represents the magnitude of the factor’s effect. 

Factors with bar extending beyond the reference 

vertical line are considered statistically significant 

at a 95 % confidence level. 

Additionally, the sign of each event (negative or 

positive) indicates whether the response decreases 

or increases, respectively, when the factor changes 

from its low to high level.

Table 2. Factors and levels of Plackett-Burman design.

Factor Low level (-1) High level (+1) 

Amount of nanocomposite (mg) 20 40 

Vortex extraction time (min) 5 10 

Type of eluent acetonitrile/dichloromethane hexane 

Volume of eluent (mL) 0.5 1 

Desorption time in ultrasound (min) 2.5 5 

Sample pH 5 12 

Volume of sample (mL) 10 20 

Ionic strength (% of NaCl) 0 15 
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In the Pareto charts for all three analytes studied, 

naphthalene, fluorene, and pyrene, the graphic 

values for each factor did not exceed the reference 

line, indicating that none of the evaluated factors 

were statistically significant for the magnetic solid 

phase extraction (MSPE) process at the 95 % 

confidence level. Despite this, the direction of each 

factor’s effect (positive or negative) was used to 

guide the selection of optimal conditions. 

Figure 7. Pareto chart of the Plackett-Burman design for naphthalene, fluorene and pyrene: (a) amount of 

nanocomposite; (b) vortex extraction time; (c) type of eluent; (d) volume of eluent; (e) desorption time in 

ultrasound; (f) sample pH; (g) volume sample; (h) ionic strength; (i) ghost 1; (j) ghost 2; and (k) ghost 3.  

 

For all three PAHs, the following factors showed 

negative effect on the response: amount of 

nanocomposite (20 mg), eluent volume (0.5 mL), 

sample volume (10 mL), and ionic strength (0 % 

NaCl). Conversely, the following factors had a 

positive influence: vortex extraction time (10 min), 

eluent type hexane), and desorption time in an 

ultrasound (5 min). Sample pH showed a negative 

effect for naphthalene and fluorene, but a slight 

positive effect for pyrene. However, due to the 

minimal impact observed for pyrene, the sample pH 

was fixed at its lowest tested value (pH 5). 

According to the Plackett-Burman experimental 

design (Draper, 1985), the optimal MSPE 

conditions for the extraction of naphthalene, 

fluorene and pyrene were established as follows: 20 

mg of CNCs/Fe2O3 (3/1) nanocomposite, vortex 

extraction for 10 min, hexane as the eluent, 0.5 mL 

of eluent volume, 5 min of ultrasonic desorption 

time, sample pH of 5, 10 mL of sample volume and 

no added NaCl. 

MSPE under optimal conditions 

Three replicate MSPE procedures were performed 

under the optimal conditions, and the 

preconcentration factors (PFs) were calculated for 

each PAH. The PF values were 2 for naphthalene, 4 

for fluorene, and 7 for pyrene. These results indicate 

that the CNCs/Fe2O3 (3/1) nanocomposite 

synthesized under optimal conditions exhibits a 

greater adsorption - desorption efficiency for 

pyrene. However, the relatively low PF observed for 

naphthalene suggests that the current MSPE 

protocol is suboptimal for its preconcentration. A 

separate optimization study would be necessary to 

enhance the extraction efficiency for naphthalene 

specifically. 

CONCLUSION 

Based on the findings of this study, the following 

conclusions can be drawn: 

A scalable and efficient method for preparing 

CNCs/Fe2O3 hybrid particles was described, which 
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relies on the electrostatic attraction between both 

components.  

Magnetic solid-phase extraction (MSPE) was used, 

to isolate the PAHs from the aqueous phase. Among 

the composites used, the CNCs/Fe2O3 (3/1) 

exhibited the highest adsorption efficiency. This 

result suggests that CNCs serves as the primary 

adsorptive component, while Fe₂O₃ contributes to 

magnetic separation.  

The best extraction performance was observed at 

pH 2, with the adsorption efficiency following the 

order: pyrene > fluorene > naphthalene. 

To further optimize the extraction process, a 

Plackett–Burman experimental design was applied 

to investigate the effects of several variables. The 

optimal MSPE conditions determined through this 

design included: 20 mg of CNCs/Fe₂O₃ 

nanocomposite, 10 minutes of vortex extraction, 

hexane as the eluent (0.5 mL), 5 minutes of 

ultrasonic desorption, a sample pH of 5, and a total 

sample volume of 10 mL. 

In conclusion, the CNCs/Fe₂O₃ (3:1) nanocomposite 

offers a fast, simple, and environmentally 

sustainable option as an adsorbent in MSPE 

procedures for the preconcentration of PAHs. It is 

scalable and eco-friendly synthesis, ease of 

handling, and effective preconcentration—

especially for fluorene and pyrene—underscore its 

potential in environmental applications, particularly 

for water quality monitoring and pollutant 

remediation. 

The adsorption-desorption performance 

demonstrated here may be extended to other PAHs 

commonly found in produced water. 
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