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Abstract 

The use of biomass to convert it into valuable chemicals has recently attracted the interest of researchers. In this study, 
graphene-type oxidized biochar was synthesized by calcination using oil palm (Elaeis guineensis) seed hulls of the 
hybrid variety dura x pisifera as the main carbon source. Graphene-like oxidized biochar (BOGp) was prepared from 
BGp by modification of the oxidation method described by Panicker and colleagues. The influences of mass variation, 
concentration and contact time were investigated, respectively. The study showed that for 0.1 g of BOGp used in 50 mL 
of a 1 mg/L cyanide solution, the elimination rate is 65%, for an equilibrium time of 60 minutes, and the elimination 
process is chemisorption, which follows the pseudo-second-order kinetic model. Absorption is described by the 
Freundlich isotherm, confirming multilayer adsorption. The BOGp characteristics were analyzed using modern 
analytical methods. Characteristic analysis of the BOGp results indicated that it is a low-moisture material with a high 
ash percentage, a density of 0.71 and a zero-charge point pH of 4. DRX analysis showed characteristic graphitic carbon 
peaks at 2θ ≈ 26.03° followed by peaks at 2θ ≈ 10° and 2θ ≈ 43° characteristic of oxidized graphitic carbon. Infrared 
analysis revealed OH and C=O functions confirming BOGp oxidation and C=C and CH2 groups corresponding to the 
skeletal vibration of the graphene sheet. 
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1. Introduction

Gold panning is the small-scale extraction of gold, commonly practiced informally and illegally in several countries [1]. 
While this activity can be a source of income for local communities, it also causes significant damage to the environment, 
particularly in terms of pollution. Water pollution is one of the most significant forms of pollution associated with gold 
panning [2]. Gold miners use cyanide to extract gold from sediments, resulting in significant contamination of 
watercourses. Cyanide is an extremely dangerous chemical compound which, when released into the environment, can 
easily spread into rivers and groundwater [3]. This contamination can affect both drinking water and aquatic 
ecosystems. It is therefore important to take steps to prevent the release of cyanide into the environment. Some cyanide 
removal methods have been proposed, based on chemical [4], physical [5], biological [6,7] and even adsorption [8] 
techniques. Adsorption has attracted more interest in cyanide removal from wastewater due to its simplicity and the 
absence of hazardous chemicals [9]. Adsorption involves attaching an adsorbate to the surface of an adsorbent. This 
technique is promising, as there are many materials that could be developed as adsorbents for cyanide removal. Recent 
studies have focused on materials, including activated carbon [10], zeolite [11], ion exchange resin [12] and graphene 
[8]. Graphene is a single layer of sp2-hybridized carbon of hydrophilic nature and high charge density, which can 
enhance adsorption capacity [13]. Graphene can be obtained from natural or synthetic graphite. Obtaining synthetic 
graphite requires high temperatures and high costs [14]. In addition, graphene nanosheets obtained by exfoliation are 
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unstable in water and tend to self-aggregate, which limits their ability to adsorb pollutants [15]. For this reason, 
carbonaceous biomass is increasingly being used as a precursor material to obtain graphene. In this study, palm kernel 
shells are used to obtain graphene-like biochar, which is then oxidized. The oxidized graphene-like biochar (BOGp) was 
characterized and used in aqueous cyanide removal tests. The kinetic parameters and adsorption isotherms of the 
reaction will be determined. 

2. Material and methods  

2.1. Bioresource 

Oil palm (Elaeis guineensis) seed hulls of the hybrid variety dura x pisifera were used as a source of carbonaceous 
biomass. They were collected as domestic waste in the town of Bonoua (5°16 "N, 3°31 "W), south-east of the capital 
Abidjan (Côte d'Ivoire). The collected grains were transported to the laboratory. 

2.2. Oxidation of graphene-type biochar 

The synthesis of graphene-like biochar (BGp) has been described in our previous work [8]. This material will then be 
oxidized to obtain oxidized graphene-like biochar (BOGp). The oxidation method used is that described by Panicker and 
colleagues [16], with a few modifications. In a 500 mL beaker, 180 mL H2SO4 and 60 mL HNO3 (3:1) are mixed. The 
mixture is heated to 80°C on a hot plate for 5 minutes, then 58 g of BGp is added and the mixture stirred with a glass 
rod for 85 minutes. The beaker is then transferred to an ice bath for 5 minutes, after which 10 g of KMnO4 is slowly 
added to the solution over 40 minutes. After adding this quantity of KMnO4, the beaker is placed under magnetic stirring 
at 250 rpm for 1 hour. The mixture is then heated again to 90°C for 25 minutes, while 200 ml of distilled water is 
gradually added throughout the process. To reduce excess KMnO4, 6 ml of 6% hydrogen peroxide (H2O2) is added. At 
this stage, a bright yellow solution is formed, visible on filtration. After filtration, the solid residue obtained is washed 
with distilled water to neutral pH, then oven dried (Memmert BM300, Schwabach, Germany) at 105°C for 24 hours. The 
solid, dried residue is oxidized graphene-like biochar (BOGp). 

2.3. Characterization 

2.3.1. Moisture content 

In a ceramic crucible of mass m0, a quantity of BGp is introduced and the mass m1 of the assembly is taken at room 
temperature. The assembly is oven-dried at 105°C for 24 h, then weighed after cooling to obtain mass m2. The process 
is repeated three times under the same temperature and pressure conditions. Moisture content (H) is calculated using 
the following formula: 
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2.3.2. Zero-point-charge pH 

The pHpzc, or zero-point charge pH, indicates the pH at which the total electrical charge on the BOGp is zero, either due 
to a complete absence of charge, or due to exact compensation of positive and negative charges. This parameter is 
important because of the involvement of electrostatic forces in the adsorption process. At pH levels above pHPZC, the 
BOGp surface will carry an overall negative charge.  In a series of seven 250 ml beakers, each containing 50 ml of NaCl 
(0.1 M) solution, we add HCl (0.1 M) or NaOH (0.1 M) to adjust initial pH values (pH i) between 2 and 13. pH values are 
measured using a pH meter (Hanna HI 9813-5, Bucharest, Romania). We then added 1 g of BGp to each beaker and kept 
it under agitation for 48 hours. After stirring and filtration, we determine the final pH values (pHf) of the solutions. The 
graphical representation pHf - pHi = f (pHi) intersects the x-axis at the point of zero charge, denoted pHpzc 

2.3.3. BOGp density 

An empty 100 mL test tube is weighed (M0), filled to the gauge line with BOGp and weighed again (M1). The density of 
BOGp is given by: 
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2.3.4. X-ray diffraction (XRD) 

The structural phases of BOGp were determined by X-ray diffraction using the GBC-EMMA diffractometer (Braeside, 
Victoria, Australia) equipped with CuKα radiation (λ = 0.154 nm). Samples were analyzed in the 2θ range from 0.15 ◦ 
to 91 with a step size of 0.02. 

2.3.5. FTIR analysis 

FTIR was used to identify functional groups in the material (Nicolet 6700 Thermo-scientific, Boston, USA) using 
potassium bromide (KBr) pellets in the 650 to 4050 cm- 1 wavenumber range. 

2.3.6. Specific surface area 

The specific surface area, average pore volume and pore diameter of BGp and BOGp were determined by the BET 
method, using a surface and porosity analyzer (Micromeritics TriStar II 3020, Georgia, USA). 

2.4. Batch adsorption study 

2.4.1. Procedure 

For all tests, a stock of potassium cyanide stock solution at C0 = 50 mg/L was carefully prepared. The various Ci 
concentrations were obtained by diluting the stock solution. For each experiment, a mass of m=0.1 g of BOGp was placed 
in a 250 mL beaker containing a Vi=50 mL solution of potassium cyanide at concentration Ci. The beaker was then 
covered with film (Parafilm, PM-996, USA) to prevent cyanide evaporation. The cyanide-BOGp mixture is stirred at 300 
rpm for a set time using a Heidolph Vibramax 100 vibrating shaker (Germany). After stirring, the mixture is filtered to 
obtain a final volume Vf. Residual cyanide analysis is performed by the pyridine-pyrazalone method, using HACH 
cyanide powder reagents in sealed bags (100 tests). A 10 ml volume of the filtrate undergoes complexation steps using 
cyanide reagents 3, 4 and 5 (cyaniver 3, cyaniver 4 and cyaniver 5). First, one sachet of cyaniver 3 is added to 10 ml of 
filtrate collected in a test tube. The tube is covered with Prafilm and shaken vigorously by hand for 30 seconds. It is then 
left to stand for a further 30 seconds. Next, the contents of cyanide 4 are added and shaken for 10 seconds, and finally 
the contents of cyanide 5 are added to the mixture and shaken again. Leave the mixture to stand for 30 minutes, during 
which time a blue color appears, indicating cyanide complexation. The same procedure is used with distilled water as a 
control sample. Optical densities are measured at 612 nm using a UV-visible photospectrometer (WFJ-752, China). 
Initial (Ci) and final (Cf) concentrations are determined using the calibration curve generated with a solution of 
potassium cyanide in distilled water. The adsorption capacity (q) of BOGp is calculated using the following equation: 

i i f fCV C V V
q

m
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The percentage of cyanide removal E (%) at any contact time is determined by the following equation: 

0

0
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E
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Where C0 and Ct are the initial cyanide concentrations and at a contact time t respectively (mg/L). 

2.4.2. Influence of some physicochemical parameters 

The kinetics of the adsorption reaction were studied by placing 0.1 g of BOGp in each of eight (8) beakers containing 50 
ml of cyanide solutions at Ci = 1 mg/L. Eight (8) stirring times were set for each beaker, namely 5 min, 10 min, 15 min, 
30 min, 45 min, 60 min, 90 min and 120 min. 

The impact of initial cyanide solution concentration on uptake efficiency was evaluated using concentrations of 1 mg/L, 
2 mg/L, 4 mg/L, 6 mg/L, 8 mg/L and 10 mg/L. The agitation time for these tests was set at 1 hour under 300 rpm 
agitation. 

The effect of varying masses of BOGp in solution was also assessed by contacting masses of 0.1 g, 0.2 g, 0.3 g, 0.4 g and 
0.5 g of BOGp with a 1 mg/L potassium cyanide solution under one hour's agitation at 300 rpm. 
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3. Results and discussion 

3.1. BOGp characterization 

BOGp has a center content of 11.25%, this high ash content could be explained by metal enrichment during the 
graphitization process activated with metal chlorides. In addition, the material has a low moisture content 
(7.62%<10%), indicating that it is likely to have a high availability of pores and adsorption sites. The density of the 
material is 0.71 g/cm3. This high-density value is linked to the quantity of mineral substance contained in BOGp. BET 
analysis revealed a specific surface area of 340.3151 m²/g, for an average pore volume (BJH) of 0.023870 cm³/g and an 
average diameter of 1.8990 nm. The specific surface area value observed in this study agrees with the work of Zhihao 
Zhang et al [17], who place it in the range 140 m2/g to 432 m2/g for oxidized graphene-type materials. The results of 
the pHpzc determination are shown in the figure, with positive surface charges for pH values below zero charge points 
(pHpzc=4). For pH values above pHpzc, the surface charges are negative. 

 

Figure 1 pH point of zero charge (pHPZC) 

The determination of the structural phases of BGp and BGpO by X-ray diffraction is shown in figure 2. The peak 
intensities of BGp and BOGp indicate a higher degree of graphitization, leading to a graphene-like structure [18]. This 
could be explained by the double oxidation of BGp. We also observe on the diffractogram of BGp and BOGp, the 
appearance of an intense peak (at 2θ ≈ 26.03°) characteristic of graphitic carbon [19] and peaks at 2θ ≈ 10° and 2θ ≈ 
43° on the diffractogram of BGpO characteristic of oxidized graphitic carbon [19]. 

 

Figure 2 XRD of BGp and BOGp 

The various functional groups in BOGp were studied using FTIR spectroscopy (FT-IR ALPHA II Spectrometer, Germany). 
The FT-IR spectra of BGp and BOGp are shown in Figure 3. The peaks between 3846.39 cm-1 and 3633.29 cm-1 
correspond to the elongation vibrations of the OH group [20]. In the case of BGp, this is the group derived from the 
alcohol functions contained in the biomass. A multiplication of OH peaks is observed in the case of BOGp during the 
oxidation process, which can be explained by the simultaneous reduction of the C=O functions that appear in BGp at 
1689.85cm-1 [21]. The appearance of a broad band characteristic of the carboxylic acid OH group. The C≡C function 
appearing at 2358.07 cm-1 in the BGp disappears at the BOGp, reflecting a probable oxidation reaction. The Alkyl nitrile 
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CN (R-CN) and Aryl nitrile CN (Ar-CN) functions appear respectively at 2361.44 cm-1 and 2160.88 cm-1 for the BGp 
however we observe a disappearance of the Alkyl nitrile function and a shift to 2173.9 cm-1 in the BOGp. At 1555 cm-1 
and 1528 cm-1 nitrose groups are observed in BGp and BOGp respectively. The BOGp nitrose peak appears more intense, 
suggesting oxidation of the BGp hydroxylamines. 

 

Figure 3 FTIR of BGp and BOGp 

3.2. Effect of BOGp quantity 

Figure 4 shows cyanide removal efficiency as a function of BOGp mass 

 

Figure 4 Percentage of cyanide removal as a function of BOGp quantity 

The removal efficiency of BOGp increases from 66.32% to 97.01% when the mass of BOGp is increased from 0.1 g to 1 
g. This increase is due to the increased volume of BOGp in solution, which provides more adsorption sites for cyanides. 
However, the formation of BOGp aggregates above 1 g may limit removal efficiency by reducing the number of 
adsorption sites available. 

3.3. Adsorption kinetics and isotherm 

3.3.1. Adsorption kinetics 

The study of adsorption kinetics describes the rate at which cyanide is adsorbed by the adsorbent. Kinetic models are 
used to analyze the data and understand the adsorption mechanism. At an initial concentration of 1 mg/L, cyanide 
adsorption kinetics were studied by varying the contact time. Figure 5 shows that the rate of elimination increases 
rapidly during the first few contact times, then reaches a plateau after 60 minutes. 
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Figure 5 Cyanide removal rate as a function of BOGp contact time 

Cyanide adsorption on BOGp is initially rapid, reaching a 65% removal rate within 60 minutes. This rapid initial 
adsorption is due to the availability of active sites on BOGp. As the active sites become saturated, adsorption slows 
down, reaching equilibrium in 60 minutes. Equilibrium is reached when the driving force, i.e. the difference in 
concentration between the solution and the BOGp, results in resistance to mass transfer [22]. 

Experimental results from the study of the effect of contact time were used to evaluate intraparticle, pseudo-first-order, 
pseudo-second order and Elovich diffusion models. The equations for each of these models are presented below. 

Pseudo-first-order kinetics [23]: 

1log( ) log( )
2.303

e t e

k
q q q t      (5) 

Pseudo-second-order kinetics [24]: 

2

2

1 1

t e e

t
t

q k q q
     (6) 

Where qe and qt represent the quantities of cyanide adsorbed at equilibrium and time t respectively; k1 represents the 
pseudo-first-order kinetic constant; k2 represents the pseudo-second-order kinetics; and t represents the adsorption 
time. 

Elovich model [25]: 

1 1
ln( ) lnq t

 
     (7) 

With α the initial adsorption rate (mg/g.min) and β the desorption constant related to surface area and reaction 
activation energy. 

Intraparticle model: 

t dq k t C     (8) 

kd (mg/g.min0.5) is a diffusion constant and C is the boundary layer thickness [26]. 

Figure 6 shows the adsorption curves for cyanide on BOGp for the different models. Table 1 shows the model 
parameters. 
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Figure 6 a) intraparticle, b) Elovich model, c) pseudo-first order, and d) pseudo-second order 

Table 1 Parameters of adsorption kinetic models  

 Pseudo-first order Pseudo-second order Elovich intraparticle 

qexp k1 qe R2 k2 qe R2 ᵅ ᵝ R2 kd C R2 

0.33 0.02 0.088 0.97 0.85 0.33 0.99 25.41 35.09 0.98 0.01 0.23 0.90 

 
Figure 6-a) shows the results of the study of intraparticle diffusion, enabling us to assess its impact on the overall 
reaction rate [27]. The linear regression of the adsorption curve does not pass through the origin, indicating that 
intraparticle diffusion is not the only factor limiting the reaction rate. Furthermore, the value of kd = 0.01 mg/g.min0.5 
suggests that intraparticle diffusion is an overall slow process [30]. The results of the Elovich model (Figure 6-b) show 
an excellent correlation with experimental results, suggesting that chemisorption plays a crucial role in cyanide 
adsorption on BOGp. This mechanism is also confirmed by the results of the pseudo-second-order model (figure 6-d), 
which predicts a quantity of adsorbed cyanide (qeth = 0.33 mg/g) identical to the experimental value (qexp = 0.33 mg/g). 
The cyanide adsorption process on BOGp does not follow the pseudo-first-order model (figure 6-c), ruling out the 
possibility of a significant contribution from Van der Waals forces to adsorption. 

3.3.2. Adsorption isotherms 

The study of adsorption isotherms makes it possible to evaluate the performance of adsorbents and determine 
important parameters such as adsorption capacity, saturation time and adsorption rate. In this study, adsorption 
isotherms were obtained by varying the initial cyanide concentration for a fixed contact time of 1 hour. Figure 7 shows 
the cyanide removal rate as a function of initial concentration. 
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Figure 7 Cyanide removal rate as a function of initial concentration 

The influence of initial cyanide concentration on adsorption was studied by varying the concentration from 1 to 10 
mg/L. Figure 7 shows that the cyanide removal rate increases from 67% to 93% with increasing initial concentration. 
This increase is due to the increased driving force, which reduces the resistance to mass transfer between the aqueous 
(cyanide) and solid (BOGp) phases [22]. The results of the analysis were fitted to Langmuir, Freundlich and Temkin 
isothermal adsorption models. 

The Langmuir equation, which describes the relationship between adsorbed quantity and equilibrium concentration, is 
given in the following linear form:[28]: 

1 1e
e

e m L m

C
C

q q K q
     (9) 

In the Langmuir equation, 𝐶𝑒 (mg/L) represents the concentration of the cyanide solution, qe (mg g-1) represents the 
amount of cyanide adsorbed at equilibrium, 𝐾𝐿 is the Langmuir constant and qm the maximum capacity of cyanide 
adsorbed. The Langmuir separation factor 𝑅𝐿, which assesses the affinity of the adsorbate for the adsorbent, is given by 
the following relationship: 
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K C




   (10) 

When 𝑅𝐿 > 1 adsorption is unfavorable, linear for 𝑅𝐿 = 1, favorable when 0 < 𝑅𝐿 < 1 and irreversible if 𝑅𝐿 = 0. 

The Freundlich isotherm describes a nonlinear adsorption process on a heterogeneous surface in a multilayer approach. 
The Freundlich equation is given by the following relation [29]. 

1
log( ) log loge F eq K C

n
     (11) 

Where 𝐾F (L/mg) is the adsorption capacity and 1/𝑛 (L/g) is the adsorption intensity; it also shows the relative energy 
distribution and heterogeneity of adsorbed sites. 

The Temkin isotherm is an isothermal adsorption model that describes the adsorption of an adsorbate on a 
heterogeneous surface. It assumes of a decrease in adsorption energy followed by a decrease in adsorbate concentration 
[30, 31]. The linear form is: 

ln ( ) lne T e

T T

RT RT
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Where KT is the Temkin coefficient related to the nature of the adsorbent and adsorbate and bT (J/mol) the coefficient 
related to the average adsorption energy. 

 

Figure 8 Adsorption isotherm models tested: a) Freundlich; b) Langmuir and c) Temkin. 

Table 2 Parameters of various adsorption isotherms tested. 

  Freundlich  Langmuir  Tempkin  

Parameters  R2 1/n KF  R2 qmax RL  R2 KT bT  

  0.97 1.08 12.16  0.89 0.70 0.10  0.87 1.74 1424.61  

The experimental results for cyanide adsorption on BOGp do not conform to the Langmuir model (fig.8-b). This suggests 
that the adsorption surface is not homogeneous and that there are significant interactions between the adsorbed 
cyanide layers. However, RL = 0.1 indicates that cyanide adsorption is favorable. Temkin’s model (Fig.8-b) correlates 
well with the experimental results. The high value of the bT constant, equal to 1424.60 J/mol, indicates that the cyanide 
adsorption reaction on BOGp is exothermic [32]. The Freundlich model also correlates well with experimental results, 
with a coefficient of determination R2 of 0.97, and the value of the heterogeneity factor n is 1.08 > 1. This indicates that 
the Freundlich model effectively describes cyanide adsorption and follows an L-type isotherm [33]. This result also 
suggests multilayer chemisorption on a heterogeneous surface [34]. 

4. Conclusion  

A methodology was used to transform palm kernel hulls into graphene-like oxidized biochar (BOGp) using a 
combination of graphitization-activation and double oxidation processes. X-ray diffraction (XRD) analysis revealed 
changes in the material's crystal structure. Fourier Transform Infrared Spectroscopy (FTIR) analysis detected the 
presence of functional groups such as alcohol and carboxyl functions, indicating oxidation of the material. BOGp has a 
low moisture content, medium density and zero surface charge (pHpzc = 4). BOGp has been successfully used to remove 
cyanide from a synthetic aqueous solution. Adsorption tests demonstrated that cyanide adsorption on BOGp is favorable 
and follows a pseudo-second-order kinetic model, indicating chemisorption. This conclusion is corroborated by the 
study of adsorption isotherms, which show L-type adsorption, in accordance with the Freundlich model. In addition, a 
correlation with the Tempkin model was observed, confirming chemisorption, and revealing that the cyanide 
adsorption reaction on BOGp is exothermic. This study highlights the possibility of converting readily available biomass 
waste into a material like oxidized graphene for the removal of pollutants such as cyanide used in gold panning. 
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