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Abstract: Targeting contaminated water containing dye and bacteria is primordial to
humans. The adsorption technique has been efficient, but an added antibacterial proper
is prime to modern-day functioning. Silver nanoparticles provide an excellent platform
for biological and material applications due to their unique physical and chemical
properties. Three potential materials were prepared namely Canarium schweinfurthii
activated carbon (CSAC), Silver nanoparticles (AgNP) and Canarium schweinfurthii
activated carbon/Silver nanoparticles (CSAC/AgNP). Canarium schweinfurthii (CS)
precursors were subjected to thermogravimetric analysis (TGA), CSAC material was
characterized by scanning electron microscopy-energy dispersive spectrometry (SEM-
EDS), X-ray fluorescence (XRF), Fourier transformed infrared spectroscopy (FT-IR) and
nitrogen adsorption/desorption (N.-BET) and the AgNP was investigated using UV-Visible
analysis. The UV-visible analysis of the nanoparticle shows a strong surface Plasmon
resonance peak at 471 nm; the CSAC sample presented high methyl orange (MO) dye
uptake varying from 48.293 to 98.328 mg/g. CSAC sample and the extract gave no
antimicrobial properties while AgNP and CSAC/AgNP samples exhibited strong
antibacterial activities while AgNP had a bactericidal effect on the six bacteria isolates
of EC ATCC25922: Escherichia coli ATCC25922; SA ATCC43300: Staphylococcus aureus
ATCC 43300; SANR 46003: Staphylococcus aureus NR 46003; S.cho NR-170: Salmonella
choleriesus NR-170; SENR 13555: Salmonella enteritica 13555; SENR 4811: Salmonella
enteritica 4811.

Keywords: Canarium schweinfurthii, Activated carbon, Silver Nanoparticle, Bacterial
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INTRODUCTION

Water shortage is a growing global problem that is not restricted to the developing world
[1]. Water scarcity is already present on every continent, and the demand for water has
been growing globally at more than twice the rate of population increase over the last
century [2]. According to the United Nations Educational, Scientific and Cultural
Organization (UNESCO), the world population is predicted to increase by 33% between 2011
and 2050, growing from 7.0 billion to 9.3 billion [3]. By 2025, approximately 1.8 billion
people are anticipated to be living in areas with absolute water scarcity, and two-thirds of
the world population is expected to be living under conditions of water stress, further
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emphasizing the need for more effective water and wastewater treatment and management
[3-4].

Dyes are widely used in various industries such as textiles, paint, tanneries, plastics,
rubber, pharmacies, electroplating, and food processing, and discharge of wastewater from
these industries without proper treatment will result in severe environmental problems to
aquatic animals and human beings [5-6]. These effluents are usually effective side for
bacterial growth and replication. Bacterial infections are considered a major threat to
public health [7]. The most effective treatment for pathogenic bacteria in the medical
system is the use of antibiotics. The limitation of antibiotics is that some antibiotics only
have antibacterial effects against a certain type of pathogenic bacteria, and do not have
broad-spectrum antibacterial properties [8]. Development of multi-drug resistance (MDR) in
bacterial strains, including Enterococci, Staphylococci, Klebsiella, Acinetobacter,
Pseudomonas, Enterobacter species, etc., has become a severe challenge [9-10].

These bacteria are displaying resistance to world-leading antibiotics, including
Cephalosporins, Carbapenems, Vancomycin, and Methicillin [11]. According to the World
Health Organization (WHO), current deaths due to microbial diseases are ~0.7 million per
year; if we could not develop efficient drugs to control or destroy these pathogenic
microbes, the deaths caused by microbial diseases may rise to ~10 million by 2050 [12]. Due
to the rapid emergence of antibiotic-resistant strains, it has become obligatory to find
alternatives to antibiotics or routes to tackle these MDR pathogenic microbes and dyes from
wastewater [12]. To prevent dyes such as methyl orange and bacterial from reaching
drinking or surrounding water, several methods, including thermal degradation using non-
thermic plasma, electrocoagulation, reverse osmosis and adsorption, have been developed
[14-15]. Among the above-cited methods, the adsorption technique is promising based on
its economic aspect, flexibility, simplicity of design and ability to remove various pollutants
even at low concentrations [16-17]. However, various adsorbents, including carbon-based
materials, chitosan, clay, volcanic pumice and zeolite, have been successfully used for
methylene blue dye removal [18,19,20 ;21]. For industrial water treatment, activated
carbons are so far considered the best adsorbent due to their various type of surface
functional groups, well-developed pore structure, high porosity and large surface area which
make them called versatile materials [18, 22, 23]. Activated carbon has high adsorptive
capacity with respect to dyes, but the presence of bacteria creates biofilm, which distorts
its efficiency. Hence preparation of activated carbon with antibacterial properties is of
prime priority.

Recently, the preparation of materials with high antibacterial activity has broad
prospective applications. Silver nanoparticles have been widely used in the preparation of
antibacterial materials for the treatment of bacteria and pathogens [24]. These
nanoparticles have been widely prepared through chemical means with the help of solvents
like ethanol, methanol, ether, etc, as a capping and reducing agent [9]. These solvents are
considered toxic to humans, and therefore, a new synthetic route is badly required.
Nowadays, green chemistry has drawn wide attention from scholars in the preparation of
nanoparticles due to their simple synthesis, low toxicity, good biocompatibility and easy
surface modification [25]. Moreover, the bactericidal activity of AgNPs is dependent on the
chemistry and size of their surface [26]. It is believed that, for activated carbon doped with
AgNP, electrostatic interaction mainly contributes to their antibacterial properties and
shows size-dependent growth inhibition of bacteria, which may contribute to the
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destruction of bacterial membranes via high positive charges [12]. They also effectively
inhibited the formation of bacterial biofilms without drug resistance [27]. Furthermore,
numerous studies have demonstrated that the synergistic effect of AgNPs with other
materials can enhance antibacterial activity, while also efficiently decreasing the size and
preventing the aggregation of the AgNPs [25]. This enhancement can be done without
destroying the potential function of the material. Finding suitable surface passivation or
support materials for silver nanoparticles can retain their antibacterial activity while having
better stability, which can solve the above problem and perform other functions, is also a
major target [11].

Nanocomposites can be composited with silver nanoparticles and activated carbon
for a more rational design, which combines the Physico chemical properties of activated
carbon and the biological properties of AgNPs [12]. In this work, we modified the CSAC by
depositing Ag nanoparticles on the surface of the carbon, which promised two advantages:
(a) to prevent aggregation of AgNPs and (b) to have high adsorption capacity CSAC. These
properties make the composite suitable for potential improvement in the treatment of
wastewater and wastewater-containing pathogens. The AgNPs/CSAC composite were
synthesized through a one-step synthetic process and their adsorption and antibacterial
properties were systematically investigated. The as-synthesized composite showed
excellent antibacterial properties against Gram-negative/Gram-positive bacteria and fungi.

MATERIALS AND METHODS

Sampling of Precursors and Preparation of Activated Carbon Adsorbent

The sampling of Canarium schweinfurthii seeds was done in some markets in the West region
of Cameroon. They were first washed abundantly with tap water to remove all dirties,
followed by washing with distilled water and drying. The seeds were ground and sieved at
the particle sizes ranging from 1.0-2.0 mm. The sieved sample was mixed with phosphoric
acid (orthophosphoric acid, 85% of purity from PA Panreac, used without any further
purification) in a ratio of 1:1. The resulting mixture was stirred for 1.0 h and oven-dried for
24 h at 110°C then allowed to cool in a desiccator and finally carbonized at 600 C at the
heating rate of 10°C. The obtained charred was washed with distilled water to neutral pH,
dried, grinned and sieved to a size less than 75 pm, and the sample was named CSAC.

Preparation of Silver Nanoparticles and Nanocomposite
Preparation of Silver Nanoparticles

10.0 g of the Canarium schweinfurthii powder was mixed with 500 mL of distilled water and
stirred using a magnetic stirrer for 1H; the resulting solution was filtered. In 100 mL of 5
mM nitrate (AgNOs) solution, 100 mL of filtrate was added slowly and observed for colour
change. The resulting particles obtained from the reduction of AgNO; were called AgNP.

Preparation of Silver Nanocomposite

The AgNP was loaded on AC by means of simple precipitation, as depicted by [17] with some
modifications. Precisely, 5.0 g of the CSAC was added to the obtained AgNP solution; the
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mixture was mixed vigorously by continuous stirring for 1h 30 min at 150 rpm using a
horseshoe IKA agitator. It was allowed to settle, and the clear liquid was taped off. The
nanocomposite solid obtained was dried in an oven at 110°C. The resulting sample was
named CSAC/AgNP.

Samples Characterization

The thermogravimetric analysis (TGA) and differential scanning colourimetry (DSC) of CS
seeds were evaluated using a thermogravimetric analyzer, TGA/DSC (LENSEIS STAPT-1000
thermal analyzer). The surface morphologies of CS precursor and CSAC materials were
observed using a Scanning Electron Microscopy equipped with an Energy Dispersive
Spectrometer (SEM/EDS, LEO 1455 VP). The X-ray fluorescence spectrometry (PANalytical
X’ Pert Pro) of CS and CSAC was carried out. The FT-IR measurements were also carried out
in the absorbance mode ranging from 400 to 4000 cm™ using Universal ATR, Crystal:
Platinum, Diamond, Bounces: 1, and Solvent: ethanol for surface functional groups
determination. The pore structure and surface area of the CSAC were done using nitrogen
adsorption/desorption at -196 C, which was conducted using a gas sorption analyzer,
Quantachrome, NOVA 1000 series, USA. The UV-visible spectrum of synthesized AgNPs was
analyzed by using himadzu UV-visible spectrophotometer (UV-1800, Japan) ranging from 300
to 1100 nm.

Batch Adsorption Experiments

Batch adsorption experiments were carried out by mechanical agitation at room
temperature (27+ 0.1) °C. For each run, 20.0 mL of MO dye of known initial concentration
was treated with a known mass of CSAC adsorbent. After agitation using Multipurpose Flask
Shaker TT12F from Techmel and Techmel USA at a speed of 160 rpm for a fixed period of
time. The solution was filtered using the Whatman number 1 filter, and the filtrate was
subsequently analyzed for Methyl orange (mo) residual concentration by UV/Vis
spectrophotometer, model S23A from Techmel and Techmel USA at a wavelength of 464 nm.
Similar measurements were also carried out for various CSAC doses (0.01 to 0.06 g), pH (2
to 10) and initial concentration of MO solution (50 to 100 mg/L). The modye amount adsorbed
per unit mass of adsorbent at equilibrium Q. (mg/g) was calculated by using the following
expression.

0, = (COT:ICe) <V (1)
Q= xy @)

where Co, Ce, and Ct (in mg/L) are the initial equilibrium and concentration at the
time, t, of the MO solution, respectively, m (g) is the mass of the adsorbent, and V (L) is
the volume of the solution.

Non-linear Adsorption Isotherms and Kinetic Modelling of the Adsorption Data

Adsorption Isotherm Studies
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Three non-linear adsorption isotherms, Langmuir, Freundlich and Temkin isotherms, were
used to analyze the experimental data and their non-linear forms (Lekene et al., 2021). The
respective isotherms equations models used are given below.

_ qmKCe
de = 1+K; Ce [16]
e = KpC? [21]
Ge = = In(KrC,) [17]

Where C. (mg/L) and g. (mg/g) are the concentration and the adsorbed quantity of
MO dye at equilibrium, gm is the maximum adsorbed quantity, K. (L/mg) is the Langmuir
adsorption constant, Kr ((mg/g)(L/mg)"'") is the Freundlich adsorption constant related to
adsorption capacity, n is the energetic heterogeneity of surface, Kr is the equilibrium
binding constant (L.mg") corresponding to the maximum binding energy and constant b
(J/mol) is related to the heat of adsorption, K (mol®.k/J) is a constant related to the
adsorption energy. R (8.314 J/mol. K) is the perfect gas constant and T (K) is the
temperature at which the adsorption took place.

Kinetics Studies

To describe the mechanism of the adsorption process and the rate-controlling step of MO
onto CSAC adsorbents, four kinetic models, pseudo-first-order, pseudo-second-order,
Elovich, and intraparticle diffusion, were used to correlate the experimental data and their
non-linear forms (). The respective kinetic equation models used are given below.

qt = qe[1 — exp(—kq0)] [18]
Gkt

U= Tt [17]

4c = 7In(1 + apt) [17]

qt = kitz + Ci [28]

Where gt and ge (mg/g) are the adsorbed quantity at a given time, t and equilibrium,
respectively. Ki (min™"), K, (g/mg.min), and ki (mg/g.min-0.5) are the rate constants of
pseudo-first-order, pseudo-second-order and intra-particle diffusion models, respectively.
a (mg. g/min) is the rate of the initial adsorption, B (g/mg) is the desorption constant and
Ci is a constant value depicting the boundary layer effect.

The validity of the different aforementioned models was evaluated using correlation
coefficient (R?), root mean square error (RMSE) and Chi-square test (x?) [28]. The respective
relations are given below:

Rz =1— Zz=1(Qe.exp,n_QE.pre,n) [29]

P 1(QE.exp,n_Qe.exp,n)z

RMSE = \/ Z=1(qe.exp,n - CIe.pre,n)2
h n—1

Vol. 14 No. 03 (2026): European Journal of Applied Sciences Page | 471



Scholar Publishing

n
2 Z (qe.exp,n - Qe.pre,n)z
X =
n=1

Ge.expn

Evaluation of Antibacterial Properties

The in-vitro antibacterial activity of the extracts was evaluated on six bacteria isolates of
EC ATCC25922: Escherichia coli ATCC25922; SA ATCC43300: Staphylococcus aureus ATCC
43300; SANR 46003: Staphylococcus aureus NR 46003; S.cho NR-170: Salmonella choleriesus
NR-170; SENR 13555: Salmonella enteritica 13555; SENR 4811: Salmonella enteritica 4811
gotten from the “Centre Hospitalier Universitaire” (CHU) of Yaounde-Cameroon. The
minimum inhibitory concentration (MIC) and minimum Bacteria concentration (MBC) of the
Shell extract, CSAC, AgNP and CSAC/AgNP were determined by the broth microdilution
method, using a p-donitrotetrazolium chloride (INT) based assay as previously reported by
Lunga et al. (2014) with some modifications. Briefly, 196 mL of Muller Hinton broth (MHB)
was introduced into the wells of the first line, followed by 4mL of each sample (initially
prepared at 100 mg/mL in 100% DMSO). Serial two-fold dilutions were performed, and 100mL
of the bacterial suspension (1.5*106 CFU/mL) was added. The final concentration ranged
from 500 to 1.953 mg/mL for the samples and from 5 to 0.0195 mg/mL for the positive
control (Ciprofloxacin). The plates were incubated at 37°C for 24 h after which 50 mL of
0.2 mg/mL INT solution was added and further incubated at 37°C for 30 min. MICs were
determined as the lowest sample concentration with no visible colour change. Wells
containing MHB and bacteria constituted the negative control while the sterility control
contained MHB alone. The final concentration of DMSO was at most 1% and the preliminary
test did not inhibit bacterial growth.

RESULTS AND DISCUSSION
Characterization of CS, CSAC and AgNP Samples

X-ray Fluorescence Analysis of CS and CSAC Materials

The metallic elements present in our different samples were highlighted by the X-ray
fluorescence analysis method. Figure 1 shows the spectra of the results for the different
materials in the different samples.
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Figure 1: spectre de la fluorescence X de (a) CS and (b) CSAC

Vol. 14 No. 03 (2026): European Journal of Applied Sciences Page | 472



Scholar Publishing

According to Figure 1, the peaks appearing at 2.7 keV correspond to the existence
of the metal Rh due to the characteristics of the spectrometer tube, i.e. the fluorescence
is caused by the material of the anode. Indeed, rhodium is used in some X-ray tubes, on
their anodes, especially in the field of X-ray fluorescence spectrometry. Therefore, should
not be taken into account when interpreting the spectra of all materials. Figure 1 (a) shows
the spectra of the raw Canarium schweinfurthii. According to this spectrum, the different
elements that enter the composition of the CS are potassium (K), calcium (Ca), sulfur (S),
silicon (Si) and phosphorus (P). It is also observed that the major elements are potassium
(K) and calcium (Ca) while the other spectra present are in trace amounts. In Figure 1 (b)
the spectra of CSAC carbon, it is noted that the elements that enter the majority in their
composition are among others calcium (Ca), sulfur (S), silicon (Si), phosphorus (P) and
potassium (K) which concerns the spectrum of Figure 1 (d). Moreover, these spectra also
show that the major element present in these materials is phosphorus (P) while the others
are in trace states. The absence of the element potassium or its presence in trace amounts
(very small quantities) of the carbon may result from the fact that during the activation of
the latter with phosphoric acid, the potassium reacted with the phosphoric acid to form
potassium phosphate, which is soluble in water. This potassium phosphate was, therefore,
leached out during the washing of the latter, hence its absence or its presence in a very low
concentration. These effects can be shown by the following equation:

K*+ HyPO,— KsPO,+ H' ool (13)

Thermogravimetric Analysis of Canarium schweinfurthii (CS) Precursors

To study the thermochemical behaviours and observe the phenomena involved during the
pyrolysis of the two biomasses used raw, we studied them by thermogravimetric and
differential analysis (TGA, DTG, and DTA). The aim was to record the mass losses and
analyze the variations of mass and temperature as a function of time. Figure 2 shows the
thermogram of our precursor (CS).
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Figure 2: Thermogravimetric analysis of Canarium schweinfurthii

Figure 2 portrays four thermal accidents. The first one appears at 72°C,
corresponding to the departure of free water at the surface of the material with a weight
loss of approximately 8.44%, which is an endothermic process.
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The second thermal accident occurs around 311°C, resulting in a loss of mass of
about 46.42%. This loss of mass could be attributed to the degradation of hemicellulose,
and the phenomenon is exothermic.

The third thermal accident appearing around 390°C corresponds to a loss of mass of
30.68%. This is the degradation of cellulose followed by the beginning of the degradation of
lignin.

The fourth thermal accident, which, appears between 400 and 520°C, corresponds

to the total decomposition of lignin with a loss of mass of 1.39%. This is also the low level
of lignin in the precursor.

These results are in agreement with the work of K. Raveendran et al. (1995), who
show that cellulose decomposes in a narrow temperature range (300°C —400°C and 325°C
—375°C) while lignin dissociates in a much wider temperature zone (250°C —550°C and
200°C —500 C°). The authors also indicate that hemicelluloses, the least thermally stable
compounds, decompose at rather low temperatures in the range of 200-250°C.

Above 520°C, the bonds rupture, allowing volatile matter to depart. Thus, only ash
(inorganic matter) remains. Consequently, the carbonization temperature was chosen
between 400 and 600°C.

FTIP Spectral of CS and CSAC Samples

The characterization of the precursors and the composite materials by Fourier Transform
Infrared spectroscopy allows the identification of the different functional groups on the
surface of the materials. The identification of the functional groups on the surface of the
different activated carbons could better allow us to explain why some molecules are more
adsorbed than others. The fact that a surface is formed of a high rate of acid or basic
functions, favors or disadvantages the adsorption of such or such other molecule.

The infrared spectra of activated carbons prepared from impregnated CS and CSAC
are given in Figure 3.
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Figure 3: IR spectrum of the raw biomass (CS) and CSAC
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It can be seen that the main surface functions present on our Canarium
Schweinfurthii cores are carbonyl groups (aldehydes), ethers and -O-H of water or carboxylic
acids. These groups are similar to those found on some agricultural lignocellulosic residues
[30]. We note a broad absorption band observed between 3600-3300 cm™ with a maximum
of around 3400 cm™. This band is characteristic of the hydrogen elongation vibration of
hydroxyl groups (of carboxyl, phenols or alcohols) and of water absorbed by the analyzed
materials. The bands observed at 2900 cm™ are absorption bands attributed to the
asymmetric and symmetric valence vibration of the -CH3 group. The bands observed at 1700
cm™ and 1600 cm™ are caused by the elongation vibration of C=0 in the ketone, aldehyde,
lactone, carbonyl and aromatic ring groups, respectively. This indicates the formation of
carbonyl-containing groups. The bands from 1470 to 1370 cm™ are a domain that is formed
by an overlap of absorption bands attributable to hydroxyl-type moieties on the surfaces
and in-plane vibrations of the C—H bond in several C=C-H structures. The bands between
1000-500 cm™ are due to the out-of-plane CH deformation mode in differently substituted
aromatic rings. The presence of the hydroxyl group of the phenolic function and the carboxyl
function provides the surface of the materials with an acidic character, while the carbonyl
function gives a basic character to the surface of the materials. We notice that the main
surface functions present on our Canarium Schweinfurthii precursor, are the carbonyl
groups (aldehydes), ethers and (-OH) of water or carboxylic acids.

On the other hand, weak bands observed at around 1650 cm™ in CSAC are caused by
the elongation vibration of C=0 in the ketone, aldehyde, lactone, carbonyl and aromatic
ring groups, respectively. This indicates the formation of carbonyl-containing groups. The
bands from 1070 to 1370 cm™(Weak) is a domain that is formed by an overlap of absorption
bands attributable to the C-O bond and also to that of the P-O and P=0 on the surfaces and
in-plane vibrations of the C—H bond in several C=C-H structures. The disappearance of the
-OH and other functional groups from the precursors to the carbons indicates the added role
of the activating agent (H3PO.).

Scanning Electron Microscopy (SEM) Coupled with Energy Dispersive X-ray
Spectroscopy (EDX) of CS and CSAC Samples

Scanning Electron Microscopy analysis allows us to visualize the pores of Canarium
Schweinfurthii (CS) and CSAC. This analysis was performed in order to visualize the surface
morphology of the different samples. The results obtained at different resolutions and
magnifications are presented in the following Figure 4:

SEM Images and EDX of CS and CSAC:

In order to determine the surface morphology and elemental composition of CS and CSAC
was performed. Figure 4 shows the SEM of CS and CSAC at different resolutions and
magnifications.
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Figure 4: SEM images of CS (a) and CSAC (b) at different resolutions

It follows from Figure 4 (a) it is observe that the surface of Canarium schweinfurthii
is rock-like with few or no pores. This surface is very rough and shows cracks at high
resolutions (10 and 20 ym). The images show a material with a uniformly identical texture
with almost no pores. In fact, the pores are less visible. In the case of CS coal (Figure 4b),
pores are observed in the form of hairline cracks. These cracks are of different sizes and
inside the larger ones we see other cracks of smaller diameter. This observations are in
agreement with the results of the BHJ analysis because for adsorption to take place in the
micropores and mesopores, the adsorbate must pass through the macropores to reach them
[31].

Energy Dispersive X-ray Spectroscopy (EDS)

To obtain the elemental composition of some areas of the micrograph obtained by scanning
electron microscopy, two areas were chosen as shown in Figure 5.
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Figure 5: SEM and EDX image of CS (a) and CSAC (b)

It results from Figure 5 (a) that the most abundant element is carbon with an average
atomic percentage of 63.28 (Spectrum 1 = 65.41; Spectrum 2 = 64.60 and Spectrum 3 =
59.85), followed by oxygen with an average atomic percentage of 29.23 (Spectrum 1 = 27.96;
Spectrum 2 =27.21 and Spectrum 3 =32.53) plus nitrogen with an average atomic percentage
of 7.32 (Spectrum 1 = 6.65; Spectrum 2 = 7.70 and Spectrum 3 =7.62). While magnesium,
silicon, potassium and calcium are in trace amounts. The difference in the percentages of
the elements in the selected areas and the absence of magnesium, silicon and calcium shows
that the atomic dispersion in our samples is not homogeneous. Moreover, the white parts on
the CS micrograph give an idea of the fact that we can have a certain degree of crystallinity
in our materials. The analysis shows that the CSAC is constituted mainly of carbon atoms
and contains oxygen. The highest percentage is that of carbon. This result confirms that
activated carbons are strongly carbonaceous materials. The other atoms, phosphorus and
nitrogen, are either from the composition of the starting precursors or from the activating
agent.

Determination of the pH of the Point of Zero Charge (pHpzc) of the CSAC

The point of zero charge (PZC) of the CSAC sample was studied in this series of pH
experiments. The pHpzc of an adsorbent refers to the pH level at which the surface of the
adsorbent has zero net charge or the point at which the quantity of the acidic groups is
equals that of the basic groups. The pHpzc of the CSAC in this work was determined using
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the solid addition/ pH drift method. Figure 6 presents the change in pH (ApH) plotted
against the corresponding initial pH values (pHi) for the three adsorbents. The point at which
the curves cut the pH axis is taken as the pHpzc of the sample.

ApH

CSAC

pH

Figure 6: pH of point of zero charge (pHepzc) of CSAC

From Figure 6, the pHpzc of the CSAC was 4.2, and this implies that the CSAC
adsorbent surface is acidic in nature, i.e. the surface of the adsorbent contains mostly acidic
functional groups. This implies that, during adsorption studies, below the pHpzc value, the
surface of the activated carbon is charged positively, while above this value, the surface is
positively charged. Also, at the pHpzc value, the net charge on the surface of CSAC material
is zero and above 4.2, the net charge of the surface is negatively charged.

Textural Properties of CSAC

The porous nature of these solids is carried out by the drawing of adsorption isotherms which
provide important qualitative information on the structure of these materials, illustrated by
the shape of the adsorption isotherm relating to these (porosity, diameter and size of the
pores). The determination of the surface properties of CSAC was obtained by N, adsorption-
desorption. The Brunauer-Emmett-Teller (BET) surface area and the pore structure analysis
were conducted on a Micromeritics surface Analyzer (Quantachrome, NOVA 1000e series, USA).
The pore size distributions were calculated by the density functional theory (DFT) method.
It also allows us to have an idea of the specific surface, which is the number of available
sites accessible to the molecules on the whole surface of a material.

The texture properties of the CSAC are summarized in Table I. The carbon presents
a high specific surface area of 1427.000 m? g-1 and a large pore volume of 0.4313 ccg™'. The
large specific surface area and pore volume could be beneficial for the adsorption of large
molecules like dyes, which are large molecules. The pore diameters for the analyzed sample
from the DFT result is 1.543 nm suggesting a dominant mesoporosity for the CSAC material.
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This implies that, the comments mentioned for the increase in pore volume can also be

made for the pore diameter.

Table I: Summary table of the specific surface area, pore diameter and pore volume of

the prepared samples

Parameétres Methods CSAC
Specific Surface area | BET multi point 1427.000
(mg/g) BJH method cumulative desorption surface area | 343.400
DH method cumulative desorption surface area 347.600
DFT cumulative surface area 953.1
pore Volume BJH method cumulative desorption pore volume | 0.4313
(cc/g) DH method cumulative desorption pore volume 0.4201
HK method micropore volume 0.5864
SF method micropore volume 0.3803
DFT method cumulative pore volume 0.9274
pore Diametre BJH method desorption pore Diameter 3.819
(nm) DH method desorption pore Diameter 3.819
HK method pore Diameter 0.3675
SF method pore Diameter 0.4523
DFT pore Diameter 1.543

UV-Vis Analysis of AgNP

The reduction of the pure Ag+ ions was monitored by measuring the reaction medium's UV-
Vis spectrum. The UV-Vis spectral analysis was conducted using a UV-Vis spectrophotometer
between 300 and 1100 nm. Figure 7 presents the analytical results obtained for the silver

nanoparticles.
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Figure 7: UV-Vis analysis of Canarium schweinfurthii synthesized Ag NPs
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The Canarium schweinfurthii nut shell extract was slowly introduced into the AgNO3
solution. Initially, it was observed that the orange-clear solution was rapidly changed into
dark brown, indicating the formation of AgNPs. No colour change was observed for the
AgNO3 solution in the absence of shell extract and equally, no colour change was seen for
the shell extract in the absence of the AgNO3 solution. The colour change is an indication
of the reduction of Ag+ into Ag0 [32]. Furthermore, the optical UV-Vis analysis of the AgNPs
produces a strong and sharp peak observed at 471 nm, which characterised the surface
plasmon resonance (SPR) phenomenon [17,32] that confirmed the synthesis of AgNPs
attributed to spherical nanoparticles of phenol. Past studies suggested that a surface
plasmon resonance (SPR) peak located between 410 and 460 nm has been observed for AgNPs
and might be attributed to spherical nanoparticles phenol [17]. The symmetrical shape of
the UV-Vis absorption peak indicates the small and uniform size of the anchored Ag
nanoparticle

Adsorption Studies Results
Effect of pH

The effect of pH on MO dye adsorbed quantities was investigated under the conditions of 30
min of contact, adsorbent dose of 0.02 g and initial concentration of 100 mg/L on CSAC
adsorbent.

200 - MO

199 - *—e
198 -
197 -

S 196 - o

£

= 195
194
193
192 -

191 T T T T T 1

0 2 4 6 8 10 12
pH

Figure 8: Graph of the effect of pH on MO dye removal onto CSAC adsorbent

According to Figure 8, It can be observed that the quantity of MO dye adsorbed on
the surface of CSAC material decreases as pH increases. This may be due to the fact that an
increase in pH values contributes to an increase in hydroxide ions (OH-) in the solution.
These hydroxide ions neutralized the positive sites on the surface of the CSAC material,
which does not favour adsorption as there will be electrostatic repulsion with anionic MO
dye. However, as the pH decreases, the quantity of MO retained on the CSAC material
increases. This might result from the excess H" ions protonating the surface of CSAC by
neutralizing the negative charges. This favours strong electrostatic attraction between the
negative MO dye and the positive CSAC adsorbent. The maximum adsorption quantity is
obtained at a lower pH of 2. It is generally known that anionic dyes like MO are preferentially
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adsorbed by the adsorbents at lower pH resulting from electrostatic attraction between MO
ions and positive adsorbents, which makes adsorption favourable leading to the increasing
of adsorbed quantity [17].

Effect of Contact Time

The effect of contact time on MO dye removal onto CSAC is represented in Figure 9. The
effect of contact time on MO dye adsorption was done at pH 2, MO dye concentration of 100
mg/L and adsorbent dose of 0.02 g at variable times between 0 to 60 min.
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Figure 9: Graph of the effect of contact time on MO dye removal onto CSAC adsorbent

The result from Figure 9 reveals that, the rate of adsorption is faster within 0 to
5min of the adsorption process. Then, it slows down leading to an equilibrium state. The
rapid increase of the MO dye adsorbed quantity during the initial time of the adsorption
process may be attributed to the availability of a large number of adsorption sites. It slows
down and the establishment of equilibrium within 10 min is due to the saturation of
adsorption sites [17]. The adsorbed quantity at equilibrium was 98.168 mg/g. This high
amount of retained dye molecules on the surface of the CSAC sample can also result from
its large specific surface area and pore size distribution, which makes it favourable for liquid
phase adsorption of organic pollutants such as MO dye in terms of both efficiency and
economic consideration.

Effect of Adsorbent Dose

The effect of the adsorbent dose on MO dye adsorption for the sample was investigated at
pH 2 with an initial concentration of 100 mg/L, and the adsorbent dose varied from 0.01 to
0.06 g and for a contact time of 10 min. Figure 10 displays the results obtained.

Figures 10 show the MO dye adsorbed quantity versus the mass of prepared
adsorbent under the optimum conditions. It is seen that MO dye adsorption decreases with
an increase in adsorbent dose. Similar results were observed by. The rate of the decrease
is more prominent at higher amounts of adsorbate concentration. Significant MO dye
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adsorption is achieved for an adsorbent dose of 0.01 g. This observation may be due to the
fact that, at lower adsorbent dose, the adsorption sites are available, while at higher
adsorbent dose, there is an agglomeration of adsorbent particles, leading to particle size
aggregation reducing the available specific surface area and the increased in the diffusional
path length [28].
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Figure 10: Graph of the effect of adsorbent dose of MO dye removal onto CSAC

Effect of Initial Concentration

The variation of MO dye initial concentration was carried out in the range of 50 to 100 mg/L
at the same pH as in the contact time variation, with an adsorbent dose of 0.02 g and the
same contact time as in the adsorbent dose variation, respectively. Figure 11 exhibits the
MO dye adsorbed quantity for the three adsorbents.
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Figure 11: Graph of the effect of initial concentration of MO dye removal onto CSAC

The results showed that as the initial concentration of the MO dye increases, the
adsorbed quantity per unit of adsorbent mass also increases. The adsorbed quantity varies
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from MO dye, it varies from 48.293 to 98.328 mg/g of CSAC material. The increase in
adsorbed quantity is mainly due to the increase of effective collisions in solution between
the MO dye molecules on the respective adsorbents. This increase in effective collision
decreases the activation energy of the colliding particles which helps to overcome the mass
transfer resistance between the aqueous and solid phases [17, 28]. This decrease in
activation energy favours the adsorption of MO dye adsorption onto the respective
adsorbents.

Non-linear Adsorption Isotherms and Kinetic Modelling
Non-Isotherm Studies of MO dye onto CSAC Adsorbent

The plots of three isotherm models for MO dye adsorption onto CSAC are presented in Figure
12, and their calculated values parameters are reported in Table II.
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Figure 12: Representation of the nonlinear isotherm models plot for CSAC adsorbent
on MO dye adsorption

Langmuir adsorption isotherm is best known for its applicability to explain the
adsorption phenomenon on monolayer coverage, hence predicting a chemisorption process
with strong forces between the adsorbate and the adsorbents. From Table Il, the Langmuir
for the three adsorbents and MO dye adsorption could not completely elucidate the
adsorption phenomenon due to their low correlation coefficient. That notwithstanding, the
Langmuir separation constant RL is found between 0 and 1 (i.e. 0 < RL < 1), implying the
adsorption of the two adsorbates on the respective adsorbents is favourable.

The Freundlich isotherm model which is best applies to adsorption on heterogeneous
surfaces with interaction between the adsorbed molecules and there is no restriction to the
formation of a multi-layer best fitted the adsorption of MO onto CSAC adsorbent with respect
to its R? values of unity (1.000). Also, the high value of the Freundlich constant (KF) makes
the model applicable to presume there is the possibility of the formation of a multi-layer
coverage on the surface of the respective adsorbents at higher dye concentrations. This
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possibility was further strengthened by the low values of RMSE and x* for both adsorbates
on all the respective adsorbents. In addition, Freundlich heterogeneity factor 1/n is 1
implying that the surface of the CSAC adsorbent is homogenous vis-a-vis the MO adsorbate.

Table Il: Summary Table of the different relative isotherm constants and their
respective determination coefficients (R?>. RMSE and x?) for the adsorption of MO

Isotherm models | Parameters | CSAC Adsorbent
Langmuir gm (mg g™) | 1860.792

K (L. g") 0.029

R? 0.626

RMSE 12.663

X2 23.891

R. 0.409
Freundlich Kr(L. g™ 1.000

1/n 1.000

R? 1.000

RMSE 2.349*10°¢

X2 4.361*10°"3
Tempkin Ar(L. g 1.609

Br (J. mol') | 27.663

R? 0.653

RMSE 12.206

X2 7.833

The Tempkin Isotherm model is used to explain the adsorption phenomenon because
it contains a factor that explicitly takes into account the adsorbent-adsorbate interactions
by ignoring the extremely low and large value of concentrations, the model assumes that
heat of adsorption (function of temperature) of all molecules in the layer would decrease
linearly rather than the logarithmic with coverage [33]. According to Table Il, the Tempkin
isotherm on MO dye adsorption could not completely elucidate the adsorption phenomenon
due to its low correlation coefficient.

Kinetics Studies of the Adsorption of MO Dye on CSAC Adsorbent

The kinetic curves are shown in Figure 13 while their kinetic parameters are gathered in
Table Ill.

From Table lll, the pseudo-first kinetic and pseudo-second-order model best fitted
the adsorption of MO on CSAC based on their high correlation coefficient of unity. Also, their
experimental quantity adsorbed, which is close to the theoretical quantity adsorbed at
equilibrium, confirms the validity of this model on the above respective adsorbent. Also,
the low values of RMSE and x? for both the pseudo-first and pseudo-second-order kinetic
models add to the credibility of the model in explaining the adsorption mechanisms of MO
on the adsorbents. This suggests competition between physical and chemical adsorption of
MO dye on CSAC adsorbent.
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Figure 13: Representation of the nonlinear kinetic models plot for CSAC adsorbent for
MO dye adsorption

Table lll: Summary table of Correlation coefficients and non-linear constants of kinetic
models on the Adsorption Kinetics of MO on CSAC adsorbent

Kinetic models Parameters CSAC Adsorbent
Qe (exp) (mg g”) | 98.464
Pseudo-first order Qe (pred) (mg g') | 98.196
ki (min™) 2.481
R? 1.000
RMSE 0.345
X2 0.013
Pseudo-second order Qe (pred) (mg g') | 98.187
K, (mg g'min’") 0.0.724
R? 1.000
RMSE 0.369
x? 0.015
Intra-particle diffusion | kiq 8.073
Ci(mg. g") 50.002
R? -0.239
RMSE 21.157
X2 80.709
Elovich a (mg g'min) 138399.374
B (g. min™) 0.134
R? 0.961
RMSE 5.741
x? 3.936

With respect to R? values, the Intra-particle diffusion model is not the most suitable
to explain the adsorption of MO on CSAC adsorbent because of its negative constant of
negative R? value. However, the large values of the diffusion constant value Kiq4 for the model
implies that the diffusion rate of MO is important in the adsorption process; but that
notwithstanding, the high values of the constant C; (which is the repulsion barrier between
the adsorbate and the adsorbent) for all the adsorption processes of MO on CSAC is an
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indication that the intra-particle diffusion step is not the rate-limiting step in the adsorption
mechanism.

In the case of the Elovich model, the R? value for MO dye adsorption onto adsorbent
was significant (R?=0.961). Also, the RMSE and x? values, which were respectively low at
higher concentrations, throw further significance of this model to explain the adsorption of
MO dye on CSAC adsorbent. Nevertheless, The Elovich adsorption speed constant (a) is far
greater than the desorption coefficient 8 which strongly declares without any doubt or fear
of uncertainty that the adsorption process of MO on CSAC adsorbent is dominated by
chemisorption.

Anti-microbial Result of the Samples Escherichia coli, Staphylococcus aureus,
Staphylococcus aureus, and Salmonella Serovars

The microbial growth inhibition capacities of the AgNPs prepared from CS aqueous extract
and CSAC/AgNP material were assessed using Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC). The experimental MIC and MBC results are
grouped in Table IV.

Table IV: Antibacterial activity of the obtained materials

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) in
(Hg/ml)
Samples Parameters EC SAATCC | SANR 46003 | S.Cho | SE SE NR
ATCC 43300 NR NR 4811
25922 170 13555
cs MIC >1000 >1000 >1000 >1000 | >1000 >1000
Extract MBC >1000 >1000 >1000 >1000 | >1000 >1000
CSAC MIC >1000 >1000 >1000 >1000 | >1000 >1000
MBC >1000 >1000 >1000 >1000 | >1000 >1000
NPS MIC 7.812 31.25 31.25 31.25 | 31.25 62.5
MBC 7.812 250 31.25 31.25 | 31.25 125
cs MIC 31.25 125 125 31.25 | 62.5 250
MBC 31.25 1000 250 500 125 250
Ciprofloxacin MIC 0.031 0.078 0.078 0.153 | 3.9062 | 0.078

EC ATCC25922: Escherichia coli ATCC25922; SA ATCC43300: Staphylococcus aureus ATCC 43300;

SANR 46003: Staphylococcus aureus NR 46003; S.cho NR-170: Salmonella choleriesus NR-170; SENR
13555: Salmonella enteritica 13555; SENR 4811: Salmonella enteritica 4811

The MIC values range from 7.782 pg/mL to 31.25 pg/mL for Escherichia coli,
Staphylococcus aureus, Staphylococcus aureus, Salmonella choleriesus, Salmonella
enteritica and 62.5 pg/mL for Salmonella enteritica in the case of the AgNPs. For the
CSAC/AgNP sample, it ranges from 31.25 pg/mL to 125 pg/mL for Escherichia coli,
Staphylococcus aureus, Staphylococcus aureus, Salmonella choleriesus, Salmonella
enteritica and 250 pg/mL for Salmonella enteritica. The activated carbon doped with silver
nanoparticles is slightly less active than the simple nanoparticles alone. The results equally
showed that Escherichia coli, Staphylococcus aureus, Staphylococcus aureus, Salmonella
choleriesus, Salmonella enteritica and 62.5 pg/mL are more susceptible to destruction than
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Salmonella enteritica. The un-doped activated carbon and the extract showed no activity
against any of the strains at the tested concentrations. According to [34], the antimicrobial
activity of a plant extract is considered to be highly active if the MIC < 100 pg/mL;
significantly active when 100 <MIC <512 pg/mL; moderately active when 512 <MIC <2048
pg/mL; weakly active if MIC > 2048 pg/mL and not active when MIC >10 000 pg/mL. However,
to the best of our knowledge, no such classification exists for solid carbons, doped carbons
and nanoparticles materials. Interestingly, these samples exhibited high antibacterial
activities (MIC < 100) with respectct to the above classification. Furthermore, all the MBC
of the AgNP (CSAC/AgNP and AgNP) are equal to their respective MIC while that of the
CSAC/AgNP are is higher than that of the MIC. These implies that the nanoparticles have a
bactericidal effect while the composite have bacteriostatic effect with respect to the
studied bacteria.

CONCLUSION

Generally, CSAC, Green silver nanoparticles, CSAC/AgNP materials have been introduced
and specifically designed with the aim of targeting bacterial contaminated water. Water
polluted by dyes and water containing bacteria were the prime suspect. The CSAC material
prepared from Canarium schweinfurthii shells was prepared for dyes containing water and
tested on MO dye removal in aqueous solution. The adsorption results obtained are
consistent and have shown high adsorption capacities greater than 99% of dye removal. The
FT-IR spectra of CSAC shows a drastic modification in the different surface functional groups
from the CS precursor to the carbon and was confirmed by the SEM-EDS analysis showing
high percentage of carbon in CSAC. The N2 adsorption-desorption isotherm according to BET
method shows higher specific surface area, pore volume and pore diameter for CSAC. The
strength of the pore capacity and surface functional group of the prepared samples were
unmasked on the retention of MO dye from aqueous solution. The amount of MO dye uptake
on the CSAC varied from 48.293 to 98.328 mg/g. The isotherm and kinetic modeling of the
experimental data using non-linear regression shows that, Freundlich isotherm model,
pseudo-first and pseudo-second order kinetic model gave the best fit to explain the
adsorption equilibrium and mechanism for the adsorbent. It was also found that the MO dye
adsorption mechanism was dominant chemisorption with higher adsorption speed constant
(a) of the Elovich kinetic model. The AgNP prepared from aqueous extract of Canarium
schweinfurthii shells and CSAC/AgNP material was prepared for bacteria containing water
and tested on six bacteria isolates of EC ATCC25922: Escherichia coli ATCC25922; SA
ATCC43300: Staphylococcus aureus ATCC 43300; SANR 46003: Staphylococcus aureus NR
46003; S.cho NR-170: Salmonella choleriesus NR-170; SENR 13555: Salmonella enteritica
13555; SENR 4811: Salmonella enteritica 4811 gotten from the ‘Centre Hospitalier
Universitaire’ (CHU) of Yaounde-Cameroon. From Tamokou’s classification, the AgNP and
CSAC/AgNP exhibited high antibacterial activities (MIC < 100) and the AgNP had bactericidal
effect with respect to the chosen strain. Therefor AgNP introduction into CSAC will make
the CSAC material to possess double function as it will efficiently eliminate dyes and exhibit
strong antimicrobial property to the filters while preserving its adsorption characteristics.
Furthermore, this process could be scaled up easily for the industrial applications to increase
the yield of the nanoparticles significantly since Canarium schweinfurthii nut shells are
primordially considered as potential waste, which undoubtedly would establish its
commercial viability in medicine.
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