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Abstract: Cyanide is well-known for its toxic nature and is frequently employed in the mining and chemical industries. The
discharge of wastewater containing cyanide into the natural environment in various forms poses a serious threat to human
health and the ecosystem. In fact, its presence can inhibit mitochondrial function in humans, leading to headaches, dizziness,
irregular heartbeat, convulsions, fainting, and even death. As part of the study, an approach was developed for removing
cyanide through adsorption on an adsorbent that contains graphene. The process of collecting and converting agricultural waste
led to the obtention of this adsorbent. Oil palm shells were used to prepare graphene-like biochar (GpB). The obtained GpB
was characterized by X-ray diffraction and its ash content, humidity, and zero charge point pH were determined. The
adsorption efficiency was assessed using parameters such as initial concentration, adsorbent mass, and contact time. According
to the study, 0.1 g of GpB in 50 ml of cyanide solution resulted in a 97.39% elimination after 60 minutes of equilibrium time.
The study of adsorption kinetics demonstrated that GpB's cyanide removal process is chemisorption, which follows the
pseudo-second order kinetic model. The Freundlich and Temkin isotherms better describe the adsorption of cyanide on GpB,
confirming the presence of multilayers and an exothermic reaction.
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without prior treatment, while many of the substances used in
the treatment process are known to be pollutants, both for
human and animal health. Indeed, chemicals such as mercury,
cyanide, zinc and nitric acid are used in the chain of activity
[3]. Intentional or accidental ingestion of cyanide can cause
harm to humans, ranging from simple discomfort to serious
pathologies leading to death [4-6]. Cyanide can be removed
from contaminated environments using various chemical and
physical treatment methods. Methods like electrocoagulation
[7], bioremediation [8] and electro-oxidation [9] are already
being utilized to eliminate cyanide from contaminated waters.
The limitations of these methods stem from operating costs
and the creation of hazardous by-products [10]. The
adsorption method is an alternative to complex and costly
removal methods, in which an adsorbate is attached to the

1. Introduction

The mining industry is seen as an engine of growth that
can accelerate socio-economic development in producing
countries. The industrial gold mining has grown considerably
in Cote d'Ivoire over the last few decades. There has been an
increase of over 5 tons in gold exports from 32.478 tons in
2019 to 38.523 tons in 2020 [1]. Unfortunately, as a result of
illegal artisanal mining, known as gold panning, this positive
dynamic has been disrupted. With the proliferation of gold
panning across all regions of the country, health and
environmental safety issues have emerged [2]. For ore
processing and washing, gold-panning sites are generally
located alongside watercourses. Wastewater from the various
treatment processes is discharged into the environment
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surface of an adsorbent [11-13]. The adsorption process
involves the use of various adsorbents, such as activated
carbon [14, 15] and zeolites [16]. These traditional
adsorbents are rich in carbon; whose adsorption potential
limits the internal sites [17]. The scientific community is
increasingly interested in new synthetic adsorbents with
extended structures, which is why this is happening. One of
these new adsorbents is graphene, a monolayer of sp2-
hybridized carbon. Graphene has a hydrophilic character and
a high load density which can induce better adsorption
capacity [18]. The primary source of graphene is either
natural or synthetic graphite. High temperatures and high
costs are necessary to obtain natural or synthetic graphite
[19]. Furthermore, nanosheets derived from graphite are
prone to self-aggregation in water and limit their ability to
absorb pollutants [17]. Carbonaceous biomass is becoming
increasingly used as a precursor material for obtaining
graphene. In this study, palm shells (agricultural waste) are
used as sources of carbon to produce biochar containing
graphene (GpB). The conversion of biomass into a graphene-
like material made up of stable nanosheets can solve the
nanosheet self-aggregation problems mentioned earlier. The
material developed and characterized will be used in tests to
eliminate cyanide in an aqueous solution. The adsorption
reaction will have its kinetic parameters and isotherms
determined.

2. Material and Methods

2.1. Biomass

The oil palm (Elaeis guineensis) seeds of the dura x
pisifera hybrid variety were used as source of carbon. They
were collected as household waste in the city of Bonoua
(5°16"N, 3°31"W), southeast of the economic -capital
Abidjan (Ivory Coast). The collected biomass was carried to
the laboratory.

2.2. GpB Synthesis

The seeds of Elaeis guineensis were ground to separate the
almonds from the shells. The resulting shells were
thoroughly washed with distilled water and oven-dried
(Memmert BM300, Schwabach, Germany) at 105°C for 48 h.
The GpB synthesis was carried out in three (3) steps using
the method of Xiao et al [17] with a few modifications
specific to the study. The graphitisation-activation stage
consisted of successively impregnating the dry shells of
Elaeis guineensis with iron chloride (FeCls) and zinc chloride
(ZnCl,). In a 500 ml beaker, 100 grams of dry shells are
placed. A FeCl; (3M) solution of 50 ml is added and it is
heated to 150° C on a hot plate (Nanbei, NB-H-Pro,
Zhengzhou, China) for 5 minutes. After 5 min of heating
with continuous stirring, 50 ml of ZnCl, (3M) is added. The
mixture is kept at 150°C and stirred continuously for 2 hours
during the process. A substance that is black and viscous is
formed. The mixture is cooled to room temperature (28°C),
and then placed in an oven at 80°C for 24 hours. After the

formation of a solid residue, graphitized biochar is formed.
The biochar obtained is placed in a muffle furnace
(Nabertherm Gmb, H., Bremen, Germany) at 900°C for 1 h
with a gradient of 5°C/min. This last step ensures that the
graphitized biochar turns into a graphene-type biochar after 1
hour of heating at 900°C. The solid residue obtained at the
furnace outlet is cooled, crushed and then sieved on a sieve
(Saulas, Paris, France) to retain particles with a diameter of
less than 100 um. To obtain the GpB, the sieve is washed to
neutral pH and then oven-dried at 60°C for 24 hours. The
control biochar CB was made from palm seeds without
chlorides under similar temperature conditions.

2.3. Characterization

2.3.1. Moisture Content
In a ceramic crucible with mass m,, GpB is added and the
assembly's mass m; is taken at room temperature. The
assembly is dried in the oven at 105°C for 24 hours and
weighed after cooling to obtain a mass m,. The process is
repeated 3 times in the same temperature and pressure
conditions. The moisture content (H) is determined according
to the following formula:
m —m,

H(%)=

x100 (1)

my, —m,

2.3.2. Ash Content

This method is used to identify the inorganic part of GpB.
In a ceramic crucible with mass my, GpB is added and the
whole mass m,; is measured at room temperature. The whole
is oven-dried at 105°C for 24 hours, then placed in a muffle
furnace and calcined at 650°C for 1 hour. After cooling, the
whole (crucible and ash) is weighed to give the mass m,.
Under the same temperature and pressure conditions, the
process is repeated three times. The ash content (A) is
determined according to the following formula:

A%)="1""0 %100 2)

m, =m,

2.3.3. Zero Charge Point

The pH of zero charge point (pHpzc) represents the pH at
which the overall electrical charge of the GpB is zero, either
through total absence of charge or through exact
compensation of positive and negative charges. The
importance of this parameter lies in the involvement of
electrostatic forces in the adsorption process. At pH values
above pHpzc, the GpB surface will carry an overall negative
charge. In a series of 7 x 250 mL beakers, each containing 50
mL NaCl solution (0.1 M), HCI1 (0.1M) or NaOH (0.1M) is
added to adjust the initial pH values (pH;) between 2 and 13.
pH values are measured using a pH meter (Hanna HI 9813-5,
Bucharest, Romania). Next, 1 g of GpB is placed in each
beaker, and the mixture is kept under agitation for 48 h. After
shaking and filtration, the final pH values (pHy) of the
solutions are determined. The plot pH¢ = f (pH;) intersects the
pH; = pH; axis at the point of zero charge (pHpzc).
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2.3.4. GpB Density

An empty 100 mL test tube is weighed (M), filled to the
gauge line with GpB and weighed again (M;). GpB's density
can be determined by:

_M -M,
100

d (3)

2.3.5. Identification of Structural Phases using XRD

The GBC-EMMA diffractometer (Braeside, Victoria,
Australia) equipped with CuKa radiation (A= 0.154 nm) was
used to determine the structural phases of GpB using X-ray
diffraction. Samples were analyzed in the 26 range from 0.15
to 91 with a step size of 0.02.

2.4. Batch Study

2.4.1. Methodology

A stock of potassium cyanide stock solution at Cy, = 50
mg/L was carefully prepared for all tests. The stock solution
was diluted to obtain the various C; concentrations. For each
experiment, a mass m = 0.1 g of GpB is placed in a 250 ml
beaker containing V; = 50 ml of potassium cyanide at the C;
concentration. In order to prevent the cyanide from
evaporating, the beaker is covered with film (Parafim, PM-
996, USA). The mixture (cyanide-GpB) is stirred at 300 rpm
for a given time using a vibrating shaker (Heidolph
Vibramax 100, Germany). After stirring, the mixture is
filtered to obtain a final volume Vy. The pyridine-pyrazalone
method is used to analyze residual cyanide using HACH
powder cyanide reagents in hermetically sealed bags (100
tests). A volume of 10 ml of the filtrate is taken to undergo
the complexion stages with cyanide reagents 3, 4 and 5
(cyaniver 3, cyaniver 4 and cyaniver 5).

The first step is to add one sachet of cyaniver 3 to 10 ml of
filtrate taken from a test tube. The tube is covered with
parafilm and shaken vigorously by hand for 30 seconds
before being left to stand for another 30 seconds. Then, the
content of cyaniver 4 is adding and shakes it for 10 seconds.
Finally, the contents of the cyaniver 5 sachet are added to the
mixture, shaken again, and left to stand for another 30
minutes. During this time a blue coloration appears, revealing
the complexation of the cyanide. Distilled water is used as a
control sample to carry out the same procedure. Using a UV-
visible photospectrometer (WFJ-752, China), optical density
was read at 612 nm. The C; (initial) and C; (final)
concentrations are determined using the calibration curve
performed with a potassium cyanide solution in bi-distilled
water.

q i Trr @)

2.4.2. Effects of Some Physicochemical Parameters

To study the effect of GpB contact time in solution, eight
(8) beakers were placed with 0.1 g of GpB. Each beaker
contains 50 ml of cyanide solution at C; = 1 mg/L. The
stirring times for each beaker were set at 5, 10, 15, 30, 45, 60,

90, and 120 minutes.

The influence of the initial concentration of the cyanide
solution on absorption efficiency was evaluated with C;
concentrations of 1, 2, 4, 6, 8 and 10 mg/L. The stirring time
for these tests was set to one hour, with stirring at 300 rpm.

The effect of the GpB mass in the solution was assessed by
placing 0.1, 0.2, 0.3, 0.4 and 0.5 g GpB in a potassium
cyanide solution (1 mg/L), for 1 hour at 300 rpm.

2.4.3. Adsorption Kinetics

To better understand all the steps involved in controlling
the rate of GpB adsorption (mass transport processes and
chemical reaction), three kinetic models were applied to the
experimental data from the contact time study. These kinetic
models included equations pseudo-first order, pseudo-second
order, Elovich and intraparticle diffusion.

In linear form, the pseudo-first-order model or Lagergren
equation (1898) [20] is represented by:

kl _

log(q, —q,)=log(q,) T3303 =f(@) (%)

Where q. and q, (mg/g) are, respectively, the adsorption
capacity at equilibrium and at time t (min). k; (min™) is the
reaction rate constant.

The pseudo-second order model [21] is represented in its
linear form by the following expression:

1t 1

v Li=r) ©)
QI kzqe qe

Where q. and q, (mg/g) are, respectively, the adsorption
capacity at equilibrium and at time t (min). k, (min™) is the
reaction rate constant.

The chemical interaction between the adsorbate and the
adsorbent surface is reflected in Elovich's model [22]. The
model is presented in a linear form by:

q=%ln(aﬁ)+%ln(t)=f(t) ™)

With o the initial adsorption rate (mg/g.min) and 3 the
desorption constant related to surface area and reaction
activation energy.

Diffusion is one of the steps involved in adsorption
kinetics. The equation [23] is used to describe the intra-
particle diffusion model.

g, =kt +C=1(") ®)

kyq (mg/g.mino's) is a diffusion constant and C is the
boundary layer thickness.

2.4.4. Adsorption Isotherms

Adsorption isotherms are employed to characterize the
properties of adsorption surfaces and predict the adsorption
reaction's nature. The present study tested three adsorption
isotherms models that relate to adsorption equilibrium. These
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are the Langmuir, Freundlich and Temkin isotherms.

The Langmuir model is based on the assumption that the
adsorbent surface has monolayer adsorption, with a finite
number of adsorption sites and uniform adsorption energies
[24].

The Langmuir equation is given linearily by:

C, 1 1

== +—C,=f(C) &)
qe quL qm

The concentration of the cyanide solution is C. (mg/L) and
the amount of cyanide adsorbed at equilibrium is q. (mg/g).
K is the Langmuir constant and q,, the maximum adsorbed
cyanide capacity. The Langmuir separation factor is utilized
to determine the adsorbent's affinity for the adsorbent. It is
given by the relation:

1

=— 10
1+K,C, (10

L

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

In a multilayer approach, the Freundlich isotherm
describes a nonlinear adsorption process on a heterogeneous
surface.

The Freundlich isotherm's linear form is as follows:

1og(qe>=1og<KF)+%log(ce>=f<ce> (11)

Kr (L/mg) is the adsorption capacity and 1/n (L/g) is the
adsorption intensity, indicating the relative energy
distribution and heterogeneity of adsorbed sites.

According to the Temkin isotherm, adsorption energy
decreases with surface coverage, thus assuming linear
adsorption energy [25, 26].

The linear form is

q. =EIH(KT) +Eln(ce)=f (In(C,))

12
b, b, (12)

Where K7 is the Temkin coefficient linked to the nature of
the adsorbent and the adsorbent and by the coefficient linked
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to the average adsorption energy.

3. Results and Discussion
3.1. GpB Characteristics

The synthesized GpB has a moisture content of 9.51 +
0.10%, an ash content of 11.74 + 0.12% and an apparent
density of 0.76 + 0.013 g/cm’. GpB is a material that is low-
moisture and has a ash content of less than 15%, which
suggests that it is rich in mineral matter. This high ash
content could be explained by metal enrichment during the
graphitization-activation process by the metal chlorides. The
attractiveness of Van Der Waals forces could be enhanced by
this. The pHpzc (Figure 1) determination resulted in a value
of 7.3, which indicates a positive GpB's surface at low pH
values.

14
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- 107 - pH,
= 8+
(=%
6 -
4
2
0

— pH; = pH¢

T T 11T 17 1T 111
7 8 9101112131415
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T T T T 11
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Figure 1. Determination of pH at zero charge.

The determination of the structural phases of CB (control
biochar) and BGp by X-ray diffraction is shown in figure 2.
The amorphous carbon structure is characterized by broad
bands at high intensities in the CB difractogram. In the case
of the difractogram GpB, there is an intense peak (at 26.03°)
characteristic of the graphitic carbon. As we move from CB
to GpB, peaks become more acute and intense, reflecting the
transition to more organised structural phases. The finer and
more intense reflection peaks of GpB indicate a higher
degree of graphitisation, confirming a shift towards a
graphene-like structure [27].

30
20+ \

10

Figure 2. Diffractograms: a) control biochar CB; b) graphene-like biochar GpB.
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3.2. Influence of Some Physico-Chemical Parameters

Figure 3 illustrates the effects of certain physio-chemical parameters on cyanide adsorption on GpB.

0.6 b  ._ o
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~ ® 4 5 3
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& 027 < 0.2 S Z
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Figure 3. Evolution of the quantity of cyanide adsorbed on GpB as a function of mass (a), time (b) and initial concentration (c).

The amount of cyanide adsorbed increases as the mass of
GpB is increased, as shown in figure 3-a). As the mass of
GpB increases at constant volume, the amount of cyanide
adsorbed decreases from 0.47 mg/g to 0.09 mg/g. As the
volume of GpB in solution increases, there are more
adsorption sites available for a given amount of cyanide in
solution. The increase in GpB mass also induces the
formation of GpB aggregates, which may reduce the number
of adsorption sites available, thus limiting the removal rate.
The result is similar to that of Sudipta Goswami et al. who
showed an increase in adsorption efficiency with a
simultaneous increase in adsorbent dosage [28].

Figure 3-b) shows the effect of the contact time of GpB
with the cyanide solution. The uptake of cyanide on GpB is
initially very fast, reaching chemical equilibrium after 60 min
with an elimination rate of 97.39%. This removal rate is
higher than that reported by Aliprandini [29] who achieved a
removal rate of 81% of mercury cyanide using 0.1 g of
activated carbon. This rapid initial adsorption means that
active sites are available and are progressively saturated to
reach adsorption equilibrium. The equilibrium can be reached

by the stirring time, which is related to the experimental
contact time. In fact, the longer the stirring time, the greater
the driving force and the lower the resistance to mass transfer
[30].

Figure 3-c) illustrates the effect of the initial cyanide
concentration on the GpB adsorption capacity. As the initial
concentration increases, the amount of cyanide adsorbed
increases. The increase in the amount adsorbed is related to
the increase in the driving force resulting from the
concentration gradient. The resistance to mass transfer
between the aqueous (cyanide) and solid (GpB) phases is
reduced by this driving force [30].

3.3. Kinetic Models and Adsorption Isotherms

3.3.1. Kinetic Models

The contact time effect study's experimental results were
utilized in intraparticle, pseudo-first-order, pseudo-second-
order, and Elovich diffusion models. These outcomes are
presented in Figure 4. Tables 1 and 2 present the parameters
derived from these different model.

Table 1. Parameters of adsorption kinetic models.

Pseudo-first-order pseudo-second-order Elovich
e Ky 9 R’ K 9 R a B R
0.49 0.02 0.38 0.85 0.7 0.5 0.99 19.29 21.19 0.94
R,%=0.9257 0.55+
0.55+ 2
R%=0.8032 0.50- R"=0.9403 A
0.50 -
o0
o0 —— Global step 3 0.45-
< 0.454
E‘ = First step E
- o 0.40
< 0.404 — Second step &
. b
0.354 2) 0.35 ° )
0.30 T T T T T T T 0.30 T T 1
0 2 4 6 10 12 14 0 2 4 6

In(t)
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Figure 4. a) Pseudo-first-order, b) pseudo-second-order and c) Elovich model and d) intraparticle.
Table 2. Intraparticle diffusion model parameters.
Globale step First step Second step
Ka C R’ Kai Gy R} Kaz G R}
0.0157 0.3469 0.80 0.289 0.29 0.96 0.0011 0.4784 0.92

Figure 4-a) shows the result of the intraparticle diffusion
phenomenon, making it possible to assess if the external
diffusion stage is decisive for the overall reaction [31]. The
overall reaction shows a linear regression that does not pass
through the origin. This means that intraparticle diffusion
does not control alone the velocity. Moreover, the value of kg
=0.0157 mg/g.mino'5 shows that the diffusion process is slow
overall. Two stages are involved in the diffusion of
intraparticles. The first is fast, with a diffusion coefficient kg,
= 0.2890 mg/g.mino‘s, reflecting the diffusion in the BPG
macropores. The rate-limiting step in overall diffusion is the
second, slow step (kg = 0.0011 mg/g.mino's). This is a slow
step and reflects the diffusion into the micropores. Results
from Elovich's model (Figure 4-b) show a good correlation
with the experimental results. This suggests that
chemisorption plays a decisive role in the adsorption of
cyanide onto GpB. This chemisorption mechanism is

corroborated by the results of the pseudo-second-order model
test (Figure 4-c). For this model, the theoretical amount of
cyanide adsorbed (qes, = 0.5 mg/g) is very close to the value
found experimentally (qex, = 0.49 mg/g). A similar result on
the tendency for cyanide chemisorption was observed by
Behnamfard and Mehdi [32]. The cyanide adsorption process
on GpB does not follow the pseudo-second-order model
(Figure 4-d), thus ruling out the significant contribution of
Van der Waals forces in cyanide adsorption on GpB.

3.3.2. Adsorption Isotherms

Figure 5 shows the results of the adsorption isotherms used
to study the interaction forces between cyanide and GpB,
with a view to predicting the nature of the adsorption reaction
and understanding the stacking mode of the adsorbed layers.
The various parameters of these models are given in Table 3.

0.20 R = 0.8835
1.0
=0.4845
- R = 0.484 . -
. 1 N ©
& 0101 4/ - 057 ©
. o ¢ g | © b)
© o0
0.05- 2) 2
0.0 — . . : .
-1.0 -0.5 0.0
0.00 T T T 1 E .
0.0 0.2 0.4 0.6 0.8 © log (C,)
Ce -0.5-
6_
5'_ R = 0.8721
e
£ 34
‘5 4
o 2
1_.
0 1 ] | 1
-4 -3 2 - 0
InCe

Figure 5. Adsorption isotherm models tested: a) Langmuir; b) Freundlich, c) Temkin.
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Table 3. Parameters of various adsorption isotherms tested.
Langmuir Freundlich Temkin
Parameters 5 2 2
R (max RL R n KF R K]‘ b'[‘ (J/ mol)
0.48 11.38 0.14 0.88 1.11 9.25 0.97 24.38 1423.545

Figure 5-a shows that the experimental results do not
follow the Langmuir model. This means that the adsorption
surface is not homogeneous and uniform, and that there is a
strong interaction between the adsorbed cyanide layers.
However, the R; value = 0.14 allows us to conclude that
cyanide adsorption on GpB is favorable. The coefficient of
determination R* = 88 and the value of the heterogeneity
factor n=1.11 > 1 in the Freundlich model test (Figure 5-b),
show that cyanide adsorption is favorable and follows an L-
type isotherm [33]. This result also suggests multilayer
chemisorption [34, 35] on a heterogencous surface. The
Temkin model test (Figure 5-c) shows a good correlation
with experimental values. The strong positive value of the
constant by = 1423.546 J/mol shows that the adsorption
reaction of cyanide on GpB is exothermic. [36, 37].

4. Conclusion

Oil palm shells (agricultural and household waste) were
converted into graphene Dbiochar (GpB) through
graphitization and activation processes. XRD
characterization of the material revealed a modification of the
crystalline structure of the control biochar. The material also
has a low moisture content and medium density, with a zero
charge surface area of pH,,. = 7.3. The resulting material was
used for cyanide removal in a synthetic aqueous solution.
Adsorption tests showed favorable adsorption according to
the pseudo-second-order kinetic model. Chemisorption was
confirmed by studying the adsorption isotherms. The
adsorption isotherm is of type L and follows the Freundlich
model. A correlation with the Temkin model was also found,
confirming chemisorption and revealing the exothermic
nature of the cyanide adsorption reaction on the GpB
material. The study demonstrates that the biomass of oil palm
shells can be converted into a graphene-like material for the
removal of hazardous pollutants such as cyanide used in gold
mining.
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