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Abstract. Chromium (Cr) is a heavy metal widely used in various industries. 

Chromium (Cr), a heavy metal, has significant risks to human health and the 

environment. Chromium in the hexavalent form (Cr VI) is more hazardous than 

chromium in the trivalent form (Cr III). This work investigated the performance 

of N-doped carbon derived from palm empty fruit bunches for adsorbing 

hexavalent chromium (Cr VI) from an aqueous solution, and it also investigated 

the kinetics of adsorption. N-doped carbon is synthesized via the preparation of 

cellulose aerogels derived from palm empty fruit bunches, utilizing a crosslinking 

agent comprising ammonia, urea, and NaOH solution, followed by pyrolysis and 

adsorption performance evaluations on 100 ppm of Cr(VI) metal at various 

contact times (15, 30, 45, 60, 90, 120 min). N-doped carbon has been successfully 

produced from cellulose aerogel based on palm empty fruit bunches, exhibiting 

a nitrogen doping level of 13% and a high specific surface area. N-doped carbon 

containing pyridinic nitrogen is capable of absorbing Cr(VI) metal ions with a 

capacity of 126.05 mg/g, achieving optimal adsorption within 30 minutes at an 

initial concentration of 100 ppm of the adsorbate. At pH 6, the adsorption of 

doped carbon N, featuring a pyridinic active group N that is protonated into 

pyridinium species, occurs with the metal ion Cr (VI) in the form of (CrO4)2-. 

This process involves chemical interactions that can be categorized as 

electrostatic interactions, and the kinetics of the reaction follows a pseudo second 

order, exhibiting an R2 value of 0.99715. 
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1. Introduction 

Chromium (Cr) is a heavy metal widely used in the tanning industry, metallurgy, 

electroplating, dye colors, and batteries [1–6]. Chromium, a heavy metal, causes several 

significant hazards to human health and the environment [4,7]. Metal Cr(VI) is 100 

times more hazardous than metal Cr(III) due to its higher toxicity, oxidation potential, 

solubility, and bioavailability [4,8–11]. Cr(VI) metal ions that associate with oxygen 

can easily diffuse in the environment and into the human body via the food chain [12]. 
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Chromium (VI) is linked with cancer risk, internal organ damage, and skin and respir-

atory issues, along with genotoxic and immunotoxic effects [4,8,9,13]. The permitted 

limit for Cr(VI) in industrial wastewater is set at 0.5 mg/L [10]. The World Health 

Organization states that the highest permitted total chromium concentration in drinking 

water is 0.05 mg/L [6,10,14]. The metal ion Cr (VI) exists in water in several forms of 

ion species, including CrO₄²⁻, Cr₂O₇²⁻, and HCrO₄⁻ [15]. Chromium (VI) stands out as 

a critical focus in the treatment of heavy metal contamination in the environment. 

Technologies for the treatment of heavy metal waste, specifically for Cr(VI), consist 

of adsorption, electrodeposition, membrane filtration, flotation, ion exchange, and pho-

tocatalytic reduction [8,16,17]. Adsorption has several benefits especially the utiliza-

tion of easy equipment, low-cost, and the capability apply adsorbents with modified 

functional groups [18–23]. Adsorbents contain active groups such as hydroxyl (OH), 

mercaptan (SH), and amine (N-H) groups [18,24].  N-doped carbon containing amine 

groups can be used as an adsorbent for Cr(VI) metal [25,26]. The amine reagents re-

searched on N-doped carbon are derived from piperazine, m-phenylenediamine, and 

melamine, noted for their high costs and unenvironmentally friendly [14,15,27–29]. 

Alternatively, a precursor mixture of urea solution can be used with lower cost and 

more environmentally friendly [30–32].  Zhao et al. have synthesized N-doped carbon 

from commercial cellulose using urea as the N-doping source via the hydrothermal 

technique, achieving an adsorption capacity for Cr (VI) of 151 mg/g [12].  Furthermore, 

cellulose is commonly utilized as a source of carbon in biomass-based carbon. On the 

other hand, biomass-derived carbon has a high surface area, many micropores, and var-

ious functional groups, including carboxyl and hydroxyl, making it an abundant low-

cost resource. The functional group can be modified by molecular grafting [31,33]. The 

reactivity of the carbon group is determined by the biomass type and the pyrolysis tem-

perature. N-doping consists of pyrrolic N, pyridinic N, and graphitic N, with their for-

mation process affected by the pyrolysis temperature [31].  

Biomass-based carbon are palm empty fruit bunches, which contain high amounts 

of cellulose [31]. Prior studies have produced N-doped carbon material with high sur-

face and active group of pyridinic N from biomass-derived carbon obtained from palm 

empty fruit bunches and a urea solution with the pyrolysis process for their potential 

applications in the energy sector, especially as electrocatalysts in oxygen reduction re-

actions in batteries [30–32,34,35]. While N-doped carbon from palm empty fruit 

bunches has been explored as an electrocatalyst, its performance as an adsorbent for 

Cr(VI) has not been previously investigated. N-doped carbon with pyridinic N active 

sites has the potential to absorb Cr(VI) metal. The pyridinic N form is affected by pH 

in acidic conditions, manifesting as protonated pyridinium N, which facilitates the ad-

sorption process [36,37]. In the previous study, the manufacture of N-doped carbon 

based on palm empty fruit bunches has also been studied in its application as an elec-

trocatalyst material for oxygen reduction reactions with pyridinic N active groups [30–

32], but there has been no study of its application as a heavy metal adsorbent, Cr(VI). 

This work investigated the performance of N-doped carbon derived from empty palm 
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oil bunches in adsorbing the heavy metal Cr(VI) from aqueous solutions with a focus 

on adsorption kinetics. 

2. Materials and Methods 

2.1 Materials 

Purchase of palm empty fruit bunches (PEFB) from PT Polytech Indonesia. Sodium 

hydroxide (NaOH), ethanol (99.9%), ammonia (NH₃ 25%), iron (III) chloride 

(FeCl₃.6H₂O), potassium dichromate (K₂Cr₂O₇), and potassium hydrogen phthalate 

(KHC₈H₄O₄) were purchased from Merck. Urea ((NH₂)₂CO) purchased from PT 

Petrokimia Gresik. Hydrogen peroxide (H₂O₂ 50%) and demineralized water were pur-

chased from CV Hekto Gemilang Merak. 

2.2 Methods 

Synthesis Of N-Doped Carbon. Study of the synthesis process for N-doped aerogel 

production in previous studies [32]. The raw materials derived from cellulose, specifi-

cally palm empty fruit bunches, undergo a process of grinding and sieving to achieve a 

particle size of 150 mesh at a temperature of 100℃. The digestion of palm oil empty 

bunch powder was conducted using a 17.5% NaOH solution, with a volume of 20 mL 

allocated for each gram of the raw material powder. Chemical digestion is conducted 

through reflux at atmospheric pressure, maintaining a temperature of 100 ℃ for a du-

ration of 2 h. The pulp produced in the subsequent phase of digestion undergoes filtra-

tion and is rinsed with demineralized water until the filtrate attains a clear hue. Subse-

quently, the pulp undergoes a drying process in the oven for four hours at a temperature 

of 101℃, followed by bleaching with a 3% H₂O₂ solution at 90℃ for one hour. For 

each gram of dry pulp powder, an application of 20 mL of 3% hydrogen peroxide is 

necessary. The cellulose pulp is generated from the bleaching phase, subsequently un-

dergoing filtration and washing with demineralized water until achieving a neutral pH, 

which corresponds to that of the demineralized water itself. The pulp is subsequently 

combined with a cooled solution of cellulose cross-linker, maintained at –12℃ for a 

duration of 10 minutes. This solution consists of urea–NaOH–NH₄OH, incorporating 

10 mL of water, 1 g of NaOH, 7.8 mL of NH₄OH (25% NH₃), and 4 g of urea. The pulp 

is combined with the cross-linking mixture through a stirring process lasting 30 min at 

a velocity of 200 revolutions per minute. The mixture is subsequently subjected to a 

cooling process at a temperature of –12 ℃ for a duration of 24 h to facilitate the gelation 

stage. The gel is maintained at room temperature for one hour, after which 15 mL of 

96% ethanol is incorporated into the mixture. It was permitted to remain undisturbed 

for a duration of 24 h during the coagulation phase. Phases undertaken in the process 

of solvent exchange utilizing demineralized water. The resultant gel is subsequently 

subjected to cooling at a temperature of –20 ℃ for a duration of 24 h, followed by a 

freeze-drying process lasting 24 h at –40 ℃. Upon the process of freeze-drying, one 

acquires cellulose aerogel. We synthesize carbon by using cellulose aerogels. Pyrolysis 
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was performed in a nitrogen atmosphere, initiating with a 15-min purging of gas within 

the container. This stage was succeeded by a heating phase at 150°C for 30 min to 

facilitate moisture removal, followed by an elevation to 400°C for 30 min to achieve 

cellulose decomposition. The process culminated in a pyrolysis phase at 700°C for 2 h 

to produce N-doped carbon. 

The analysis of functional groups within the material was conducted utilizing Fou-

rier Transform Infrared Spectroscopy (FTIR; Thermo Scientific Nicolet iS10) across 

the wavenumber range of 4,000–400 cm⁻¹. The atomic composition of the samples was 

examined through Energy Dispersive X-ray Spectroscopy (EDS, AMETEK EDAX). 

The analysis of crystallinity in the material was conducted through X-Ray Diffraction 

(XRD; PANalytical, X’pert Pro) spectra, specifically within the 2θ angle range of 20-

80°. The analysis of the material's surface area was conducted utilizing a nitrogen gas 

adsorption-desorption instrument (Nova 1200, Quantachrome) employing the BET 

(Brunauer-Emmett-Teller) method. Initially, the sample underwent pretreatment 

through heating at 300°C for a duration of 3 h in the presence of a flow of N₂ gas. 

Adsorption of Cr(VI) Metal by N-Doped Carbon Adsorbent. Study 10 mg of 

nitrogen-doped carbon material synthesized on urea mass variation was applied to 50 

mL plastic containers. Using 20 mL of a 100 ppm solution of Cr(VI) from K2Cr2O7 

with pH 6 and adsorption durations of 10, 20, 30, 40, 50, 60, 90, and 120 min, each 

adsorption procedure was conducted in a batch system. Following the adsorption pro-

cess, the amount of metal Cr adsorbed was measured using an atomic absorption spec-

trophotometer (AAS, Perkin Elmer AA 3110) to characterize the filtrate. Evaluation of 

the quantity of adsorbate retained with the formula [38] : 

qe =
(Ci − Ce) 𝑥  𝑉

𝑚
                                                   (1) 

Accompanied by the subsequent elucidation: qe represents the quantity of adsorbate 

that has been adsorbed (mg/g). Ci denotes the initial concentration of adsorbate 

ions (mg/L). Ce indicates the concentration of the remaining adsorbate ions at equilib-

rium (mg/L). V refers to the volume of the adsorbate (L), while m signifies the mass of 

the adsorbent (g). 

The assessment of adsorption kinetics relies on the value of R nearing one in 

the graph depicting the variation of adsorption time. The order of adsorption reactions 

includes Pseudo-Zero, First, and Second-Order reactions, with the subsequent de-

tails[39]: 

Pseudo-zero-order reaction formula: 

𝑞𝑒 − 𝑞𝑡 =  𝑘. 𝑡                                                  (2) 

Pseudo- first-order reaction formula: 

ln (𝑞𝑒 − 𝑞𝑡) =  −𝑘. 𝑡 + ln 𝑞𝑒                                                  (3) 

Pseudo-second-order reaction formula: 
𝑡

𝑞𝑡
=  

𝑡

𝑞𝑒
 +

1

𝑘𝑞𝑒
2                                                 (4) 

In this context, qe represents the quantity of adsorbate that has been adsorbed at 

equilibrium, measured in milligrams per gram (mg/g). The variable qt denotes the 
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amount of adsorbate that has been adsorbed at a particular time t, also expressed in 

mg/g. The parameter k refers to the constant associated with the rate of adsorption, 

while t indicates the elapsed time, measured in minutes. The determination of reaction 

order is based on identifying the R² value that is nearest to 1. 

3. Results and Discussion 

According to material type analysis on the XRD pattern displayed in Figure 1, N-doped 

carbon has been effectively synthesized from empty fruit bunches of oil palm using a 

cross-linker solution of ammonia, urea, and NaOH through the processes of freeze-

drying and pyrolysis. The cellulose aerogel made from oil palm empty fruit bunches by 

freeze-drying shows distinctive peaks at the (110) and (020) planes with 2θ angles of 

20.28° and 22.09°, respectively, according to the XRD pattern shown in Figure 1(a). 

Following the pyrolysis of the cellulose aerogel, a new XRD pattern was created, as 

shown in Figure 1(b), which included distinctive peaks of amorphous carbon with the 

(002) plane index at an angle of 23.76°. This suggests the effective synthesis of N-

doped carbon aerogel. The findings of the FTIR spectral study, which are further de-

scribed in Figure 2, corroborate this. 
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Fig. 1. The XRD patterns of the cellulose aerogel prior to pyrolysis and the XRD patterns of N-

doped carbon following pyrolysis. 

The FTIR spectra in Figure 2a indicate that the cellulose aerogel exhibits spec-

tral absorption peaks at wavenumbers 1010 cm⁻¹ (C-O), 1451 cm⁻¹ (-CH₂-), 2847-2918 



  
262             S. Susanto et al.

cm⁻¹ (symmetric and asymmetric C-H bending), and 3367 cm⁻¹ (O-H bond), which are 

indicative of cellulose. Moreover, spectral absorption peaks are observed at wave-

numbers 1366 cm⁻¹ (C-N), 1658 cm⁻¹ (C=O), 1615 cm⁻¹, and 3196 cm⁻¹ (N-H), which 

are indicative of urea as the crosslinker linking the cellulose chains. Figure 2(b) illus-

trates the FTIR spectra of N-doped carbon aerogels, characterized by the emergence of 

absorption peaks at wavenumbers 625-850 cm⁻¹ and 2954 cm⁻¹ (aromatic C-H), 1366 

cm⁻¹ (C-N), 1451 cm⁻¹ (-CH₂-), and 1772 cm⁻¹ (C=N), which are indicative of pyridinic 

N-type N-doping. This signifies that nitrogen-doped carbon aerogels containing pyri-

dinic nitrogen functional groups have been effectively generated using the pyrolysis of 

cellulose aerogels derived from palm empty fruit bunches, utilizing ammonia, urea, and 

sodium hydroxide as crosslinking agents. The N-doping content was subsequently ex-

amined utilizing SEM-EDS, as illustrated in Figure 3. 
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Fig. 2. FTIR spectra of nitrogen-doped carbon post-pyrolysis and the source of the cellulose 

aerogel pre-pyrolysis. 

Figure 3 illustrates the distribution of carbon (C), oxygen (O), and nitrogen (N) 

atoms in nitrogen-doped carbon, exhibiting a homogeneous composition with atomic 

percentages of 51% for C, 36% for O, and 13% for N, respectively. This signifies that 

N-doped carbon has been effectively produced with a nitrogen doping level of 13%. 

Additional characterization was performed by evaluating the samples to ascertain the 

specific surface area utilizing the BET method, as illustrated in Figure 4 and Tabel 1. 

The findings demonstrate that cellulose aerogel possesses a specific surface area of 129 

m²/g, which significantly escalated to 3335 m²/g following pyrolysis to produce N-
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doped carbon. The produced N-doped carbon material was further evaluated for its ef-

ficacy as an adsorbent for Cr(VI) metal ions from a synthetic K₂Cr₂O₇ waste solution, 

as elaborated in Figure 5. 

 

Fig. 3. A Distribution of carbon, nitrogen, and oxygen atoms in nitrogen-doped carbon. 
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Fig. 4. Adsorption profile of N2 gas on N-doped carbon samples post-pyrolysis and the source of 

cellulose aerogel prior to pyrolysis. 

Table 1. Specific Surface Area of Cellulose Aerogel and N-Doped Carbon. 

Sample Specific Surface Area 

(m2/g) 

Cellulose Aerogel 129 

N-Doped Carbon 3335 
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Figure 5 illustrates the quantity of Cr(VI) adsorbate at different adsorption con-

tact durations (10, 30, 45, 60, 90, and 120 minutes), demonstrating that the amount of 

Cr(VI) increases until 30 minutes of contact time, after which it declines until 120 

minutes. Following a contact duration of 30 minutes, the desorption of Cr(VI) ions ad-

sorbed by N-doped carbon commenced. This signifies that the effective adsorption con-

tact duration is 30 minutes, with an adsorption capacity of 126.05 mg of adsorbate per 

gram of adsorbent. An adsorption kinetics analysis was subsequently conducted utiliz-

ing the graphical method illustrated in Figure 5. The reaction kinetics analysis indicates 

that the graph with the R² value nearest to 1 corresponds to a pseudo-second-order re-

action. This signifies that adsorption transpires by chemical contact. At pH 6, electro-

static interactions can occur between positively charged pyridinic nitrogen groups (Pyr-

idinium N) on N-doped carbon adsorbents and negatively charged Cr(VI) ions, namely 

in the form of (CrO₄)²⁻, as illustrated in Figure 7. At pH 6 (acidic circumstances), pyr-

idinic nitrogen is present as the positively charged pyridinium ion, whilst Cr(VI) ions 

transition from the dichromate ion (Cr₂O₇)²⁻ to the chromate ion (CrO₄)²⁻ [25,40,41].  
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Fig. 5. Amount of Cr(VI) adsorbate adsorbed at different adsorption contact times. 
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Fig. 6. Determination of reaction kinetics in the adsorption of N-doped carbon on Cr(VI): (a)  1st 

order, and (b) 2nd order. 
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Fig. 7. Electrostatic chemical interaction between pyridinic N on N-doped carbon adsorbents and 

Cr(VI) ions at pH 6. 

4. Conclusion 

N-doped carbon has been effectively produced from cellulose aerogels derived from 

empty fruit bunches, achieving an N-doping percentage of 13% and an excellent spe-

cific surface area. Nitrogen-doped carbon containing pyridinic N absorbed Cr(VI) 

metal ions with a capacity of 126.05 mg/g, achieving optimal results at 30 min with an 

initial concentration of 100 ppm. The adsorption of nitrogen-doped carbon containing 

pyridinic N active groups and Cr(VI) metal ions as (CrO₄)²⁻ species occurs through 

chemical interactions, with reaction kinetics adhering to pseudo-second-order kinetics. 
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