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KEYWORDS Abstract Two adsorbents samples namely ZnCl, Activated carbon (ACZ); and a composite from
Activated carbon; ACZ doped with silver nanoparticles (ACZ/AgNP) made by successful precipitation loading onto
Silver nanoparticle ; ACZ and silver nanoparticles of the Recinodendron heudelotti shells aqueouse extract (RHSNP)
Composite; were prepared. The ACZ and ACZ/AgNP materials were characterised by scanning electron micro-
Adsorption; scopy (SEM), Energy dispersive X-ray (EDX), Fourier Transform Infra-Red (FTIR) spectroscopy,
Antibacterial activity X-ray diffraction (XRD) and particle size by Zeta sizer. The antibacterial activities of ACZ,

ACZ/AgNP the RHSNP and the RHS extract was done by the broth microdilution test on Shigella
flexneri, Salmonella typhi and Escherichia coli species. Futhermore, the adsorption capacities of the
ACZ and the ACZ/AgNP was investigated using the hazardous Indigo Carmine (IC) dye. The SEM
results shows spongy rock-like surface on both adsorbents (ACZ and ACZ/AgNP) with the pres-
ence of pores, EDX and XRD shows the presence of crystalline zincite on ACZ and Ag on the
ACZ/AgNP. The FTIR spectral for both adsorbents preseumes a composite material while the zeta
sizer shows that all the materials samples prepared were in the nano-range. The extract and ACZ
showed no antimicrobial activities while the antimicrobial properties were proven to be very
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interesting for the nanoparticles and the ACZ/AgNP but higher for the ACZ/AgNP (7.812 < MI
C < 31.25 pg/ml). The adsorption capacities of IC were found to decrease by 33.15% respectively
using the maximum concentration at equilibrium. RHS is therefore a good and promising precursor
for the preparation of activated carbon and nanoparticles for bacterial containing water purifica-
tion and for the treatment of bacterial infections.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During the last two decades water reuse has become a key ele-
ment in integrated water resources management under water
scarcity conditions. In terms of quantity wastewater treatment
plant, effluent represents a highly reliable water source but
quality aspects prevent high-quality water reuse without
advanced water treatment. This is basically be due to the (ex-
cess) pollution with numerous microbial, organic and inor-
ganic contaminants posing severe health risks (Wang et al.,
2015; Ankoro et al., 2016). Water reclamation applications
such as indirect or even direct potable reuse target therefore
at a complete removal of microbial (pathogens), organic, inor-
ganic and trace contaminants to minimise the risk and reach
drinking water quality.

As a matter of fact, the rapid increase in textile industries in
the world and the increasing demand for textile, and also the
ceramic paper, printing and plastic use large varieties of dyes
as their raw materials and also, some dyes are used in medicine
and biological strain and coloring plastic (Ankoro et al., 2016;
Harrache et al., 2019). The waste from these industries in one
way or the other finally ends up in water, thereby polluting the
environment. Unlike other pollutants, dye pollutants especially
those with the benzene ring even at low concentration is visible
in water and reduce light penetration in to water, hence causes
negative effect on photosynthesis to water plants as they are
non-degradable (Gao et al., 2016; Maleki et al., 2017;
Harrache et al., 2019). Furthermore, bacteria, viruses, para-
sites and fungi have been widely used in food, brewery and
many other industries for the production of consumables
and also for the production of vaccines. Some of these bacte-
ria, viruses, parasites and fungi are resistant to drugs and
hence causes over 700,000 deaths each year. It has been esti-
mated that by 2050, such ‘superbugs’, inured to treatments,
could cause up to 10 million deaths annually and cost the glo-
bal economy of about US$100 trillion (David, 2017). Waste
water containing IC dye are rich both in color, organic con-
tents and large amount of suspends solid which are broadly
fluctuating pH, high temperature and beside high chemical
oxygen demand. According to the According World Health
organization, indigo carmine dye at concentration greater than
0.005 mg/L (Harrache et al., 2019) is not acceptable in water
while the micro-organisms are not appreciated in normal water
no-matter the concentration. Also, water containing bacterials
and viruses such as shigella flexneri, Salmonella typhi and
Escherichia coli are known to cause infections such as typhoid
fever, joint pains etc.

Therefore, full scale systems apply treatment trains for
water reclamation and reuse based on the multi-barrier princi-
ple combining several unit processes to remove these unwanted
pollutants to the parts-per-trillion level corresponding to the

usual detection limit of the analytical methods is essential.
Many methods have been adopted for treatment of waste
water and industry effluents (Dong et al., 2015). One of the
best and convenient water treatment processes is seemed to
be adsorption, as it is cheap, easy and simple in operation
(Elkady et al., 2015). AC is one of the most widely used as a
natural and cost effective adsorbent of colours and organic
substances (Ndi et al., 2013). This is due to its outstanding
adsorptive ability and its wide variety of forms to suit different
processing conditions. For this reason, the adsorption capacity
of AC to remove phenolic and coloured compounds in food
stuff and fruit juices as well as its application in waste water
treatment have been extensively studied (Chee et al., 2013).
As standard method for organics, and inorganic contaminants
removal, several projects (Gao et al., 2016; Maleki et al., 2017)
investigated the behaviour and optimisation of activated car-
bon in effluent treatment. AC as adsorbent have relatively high
surface area, large porosity, high total pore volume and pres-
ence of wide spectrum of functional groups on its surface,
which provides a strong affinity for even low concentration
organics to attach to itself. Nevertheless, the well-developed
internal pore structure of AC with macropores serves as excel-
lent loci for colonization of organisms and support material
for bacterial growth (Das et al., 2015; El-Shafey et al., 2016).
The biofilm layer formations on the AC by the microbes have
undesirable effects as the filter may clog up as a result of exces-
sive bacterial growth (Karthik and Radha, 2016). Against this
backdrop, more attention is focused to water treatment with
engineered nanoparticles. These nanoparticles can be produced
by numerous techniques, including chemical, aerosol, electro-
chemical, laser irradiation, sonochemical deposition, photo-
chemical reduction and biological techniques. Among the
nanoparticles, silver nanoparticles (AgNP) are gaining more
importance from others because of its antimicrobial and
antiviral properties, and also use for water purification
(Karthik and Radha, 2016). The believed mechanism is that
AgNPs attach to the surface of cell membrane disturbing the
permeability and respiration functions of the cells, which leads
to microbial cell death. Nanocomposite as adsorbent has pro-
ven as an efficient adsorbent because of the increase in their
surface-to-volume ratio with the reduction of the size of the
adsorbent particles from bulk to nano dimensions. Ernst
(2000) was the first researcher to investigate treatment trains
combining nanofiltration and activated carbon for effluent
polishing prior to managed aquifer recharge. That’s not with-
standing, to the best of our knowledge the quest for low cost
and renewable precursors for the production of activated car-
bons (Yakout and El-Deen, 2016; Lekene et al., 2019) with
antibacterial properties still remain a major challenge to
researchers as Ernst (2000) did not investigate his composite
material on organic micropollutants. Also, a comparative
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study of the adsorption capacities and antibacterial studies on
the effect of doping activated carbon with AgNP have not yet
been exploited while Karthik and Radha (2016) only tested the
anti-microbial properties but failed to investigate if the mate-
rial is still a good adsorbent. This is because doping an AC
might increase its antibacterial properties and may reduce its
adsorption properties on organic and inorganic pollutants as
a result of the NPs occupying the pores or binding to the active
sites needed for surface adsorption. In the present study, silver
nanoparticles were biogenically synthesized using extracts
from Ricinodendron heudelotii shells and the synthesized
nanoparticles were incorporated onto activated carbon pre-
pared from these same nut shells to produce a nanocomposite.
Therefore, this work aim to investigate the effect of doping
activated carbon with AgNP on adsorption of IC dye and its
antibacterial capacities on Shigella flexneri, Salmonella typhi
and Escherichia coli bacteria.

2. Materials and methods

2.1. Preparation of ACZ sample

10.0 g of the crushed dried RDH shells were impregnated with
the ZnCl, solution of impregnation ratio 0.659 of RH shells.
Each mixture was left for 1 h at room temperature, so that
reagents are fully absorbed into the RH shells network. The
impregnated RH shells were dried at 110 °C for 24 h in an
oven. The dried impregnated RDH shells were cooled in a des-
iccator for 1 h and the dried samples were carbonised using a
Carbolite Funace at a temperature of 432 °C for 40 min. The
Activated carbon obtained was then washed with distilled
water. The resulting sample was named ACZ.

2.2. Preparation of silver nanoparticles and nanocomposite

2.2.1. Preparation of silver nanoparticles

5.0 g of the powder raw RH shells was mixed with 200 mL of
distilled water and stirred using a magnetic stirrer for 30 mins
and filtered. In 100 mL of 1 mM, and 5 mM silver nitrate
(AgNO:s) solution, 100 mL of supernatant sample was added
slowly and was observed for colour change. The particles
resulting from the reduction of AgNOj; are called as AgNP.

2.2.2. Preparation of silver nanocomposite

The AgNP was loaded on AC by means of simple agitation.
5.0 g of ACZ was taken and added to obtain AgNPs solution.
It was mixed vigorously by continuous stirring for 1 h at
150 rpm using Horse shoe IKA agitator. The nanocomposite
product was obtained by drying the AgNP loaded activated
carbon powder in an oven at a temperature of 110 °C. The
resulting sample was named ACZ/AgNP.

2.2.3. Characterization of the adsorbents and Ag NPs

Activated Carbons ACZ and ACZ/AgNP were observed and
photographed by using a scanning Electron Microscopy
equipped with Energy Dispersive Spectrometer (SEMEDS,
LEO 1455 VP). The structural analysis of the samples were
carried out by a powder X-ray diffractometer (PANalytical
X’ Pert Pro) with Cu-Ka radiation. FTIR measurements were
also carried out in the absorbance mode ranging from 400 to

4000 cm™ using Universal ATR, Crystal: Platinum, Diamond,
Bounces: 1, Solvent: ethanol. The particle sizes of the different
samples were measured by using MALVERN Zeta sizer Nano
7590 at 25 °C. UV-visible spectrum of synthesized AgNPs was
analyzed by using himadzu UV-visible spectrophotometer
(UV-1800, Japan) ranging from 300 to 1100 nm.

2.3. Adsorption experiments

2.3.1. Batch adsorption experiments

Batch adsorption tests were carried out by mechanical agita-
tion at room temperature. For each run, 20.0 mL of Indigo
Carmine dye of known initial concentration was treated with
a known weight of adsorbents (ACZ and ACZ/AgNP). After
agitation, the solution was filtered and the filtrate was subse-
quently analyzed for dye concentration by UV/V spectropho-
tometer, model ANLAGE 260. Similar measurements were
also carried out at various adsorbents doses, pH and initial
concentrations of IC dye. The percentage removal (%R) of
IC dye and the amount (Q.) adsorbed per unit mass of adsor-
bent were calculated by using the following expressions

0, = (C,— mC‘,) x V (1)
op= 1S — CJ 100 )

2.3.2. Adsorption isotherms studies

Adsorption is usually described through isotherms, which is,
the amount of adsorbate on the adsorbent as a function of
its pressure (if gas) or concentration (if liquid) at constant tem-
perature. The Data obtained from these studies were fitted
using four different non-linear isotherms models, namely, the
Langmuir, Freundlich, Dubinin-Kaganer-Raduskevich (D-K-
R) and Temkin models as shown in Table 1 below (see
Table 2).

2.4. Adsorption kinetics

The adsorption onto or into adsorbent surfaces with respect to
time is known as adsorption kinetics. Adsorption is a time-
dependent process, and to determine the rate of adsorption
is highly important in the design and evaluation of adsorbent
in removing pollutants from wastewater. Therefore, Adsorp-
tion kinetic models are the area of analytical chemistry related
to the rate and speed at which the chemical reaction occurs. In
surface and interface chemistry, kinetics models are used to
evaluate the adsorption mechanism of adsorbate on the sur-

Table 1 Isotherms models (Lekene
et al., 2019, Ndi et al., 2013).

Isotherms models Non-linear forms

Langmuir Q. =Q, 11‘]‘(%
1%e
Freundl)ich Q, = K.C!/m
D-K-R Qe = Qmexp(—As)Z
Temkin Q. _  RTIn(ArC.)
Qn br
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Table 2 Kinetics models (Ndi et al., 2013; Ankoro et al.,
2016).

Kinetics models Non-linear forms

- do,
Pseudo-first order TQx = K(0,-0)
o do, _ 2
Pseudo-second order TQ/ = K(0,-0,)
Intraparticle diffusion Q =Kiut2+ ¢
Elovich 40 _ 5 —B0,

dt

face of adsorbent. The four kinetics models are consigned in
Table 3.

2.5. Evaluation of antibacterial properties

The in vitro antibacterial activity of the extracts was evaluated
on three bacterial isolates including Shigella flexneri and
Escherichia coli, obtained from the Pasteur center of Cameroon
(CPC) and Salmonella typhi from the ‘Centre Hospitalier
Universitaire’ (CHU) of Yaoundé-Cameroon.

The minimum inhibitory concentration (MIC) of the doped
activated carbons and nanoparticles from R. Heudelotti Shells
were determined by the broth micro-dilution method, using a
p-iodonitrotetrazolium chloride (INT) based assay as previ-
ously reported by Lunga et al. (2014) with slight modifications.
Briefly, 196 pL of Muller Hinton broth (MHB) were intro-
duced into the wells of the first line followed by 4 pL of each
sample (initially prepared at 100 mg/ml in 100% DMSO).
Serial two-fold dilutions were performed and 100 pL of the
bacterial suspension (1.5 x 10° CFU/mL) added. The final
concentration ranged from 500 to 1.953 pg/mL for the samples
and from 5 to 0.0195 pg/mL for the positive control (Cipro-
floxacin). The plates were incubated at 37 °C for 24 h after
which 50 pL of 0.2 mg/mL INT solution was added and fur-
ther 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 preliminary test did not inhibit bacterial growth

3. Results and discussion
3.1. Characterisation of ACZ and ACZ|AgNP adsorbents

3.1.1. Fourier transform infra-red spectroscopy

Fig. 1 above shows the FTIR spectral of RHS sample. The
peak at 3300 cm™' corresponding to OH (alcohol, phenol),
the adsorption band at 2990 cm™' can be attributed to CH,
(Asymmetric stretching) and CH; (symmetric stretching)
(Abega et al., 2019), the peaks at 15001650 cm™~" might cor-
respond to C—C (monosubstituted alkene) or C=0 (Ketone
or Aldehyde). The band ranging from 1000 to 1500 also could
be CH, and CHj; (deformation) or =CH, (plane and out of
plane deformation) while that of 500-950 is attributed to
CO;3 of CaCO;.

3.1.2. Scanning electron microscope-energy dispersive X-ray
crystallography (SEM/EDX)

The surface morphologies of ACZ and their composite sam-
ples produced were determined using (SEM) coupled with
EDX to analyse the surface morphology and the elemental
composition of the adsorbents. The analysis of the microscopic
images was obtained with a Phenom Pro X Scanning Electron
Microscope operating at 15 kV. The SEM images presented in
Fig. 2 were observed at magnifications of 1000X.

The surfaces of Sample ACZ shows some rock like struc-
tures with the presence of some transport arteries with cracks
and crevices with little sight of pore spaces. The ACZ/AgNP
Sample shows some transport pores and spongy surfaces with
more visible micropores. In the two cases, rock-like structures
and more transport pores were observed, serving as pathways
for the adsorbates to enter the mesopores and micropores. The
adsorbents have rough texture with heterogeneous surface and
a variety of randomly distributed pore size. The samples also
gives a clearer pore structure, having more volume of pores
and better pore structures with little agglomeration, making

Absorbance Units
0.005 0.010 0.015 0.020 0.025 0.030

-0.005
1

T T T
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Fig. 1

Fourier Transform Infra-Red Spectroscopy (FTIR) of RHS.
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Fig. 2 SEM-EDX images of (a) ACZ and (b) ACZ/AgNP.

them more viable for adsorption and thus, the better the pore
structure, the better its adsorption capability as compared to
the RHS precursor. Hence the use of zinc chloride is tied to
enhancement of the surface area and improvement of the pore
structure. The pores seen in the Samples are as a result of the
evaporation of the activating agents during carbonization and
washing after activating, leaving empty spaces.

From the EDX graph, all the samples were rich in carbon,
Ag, O, N, Zn and Na while the other elements were found in
traces. It was also noticed that the nitrogen concentration was
higher in the composite material than in the activated carbons.
This was previsible as the nanocomposite was made from
AgNOs; solution hence increasing the nitrogen content. Fur-
thermore, the carbon content was found to decreased while
the oxygen content increased from the ACZ to the ACZ/
AgNP.

3.1.3. Ray diffraction spectroscopy (XRD)

The samples were characterized using X-ray Diffractometer
(Philips X‘pert X-ray Diffractometer) employing 1.5046 A
copper source. The samples were scanned from 20 = 10-90°.
The value of the interplanar spacing between the atoms, d

was calculated using the Bragg equation; nh = 2dsinf. Where
n = 1is an integer, A is the wavelength of the x-rays, d is the
spacing of the planes of the atoms and 0 is the angle of inci-
dence of x-ray beam. The superposed graph comprising the 3
samples are given in Fig. 3.

Franklin, on the basis of XRD studies, classified activated
carbons into two types, based on their graphitizing ability
(Ramakrishna Gottipati, 2012). The non-graphitizing carbons
are hard and show a well-developed microporous structure due
to the formation of strong cross-linking between the neigh-
bouring randomly oriented elementary crystallites. Whereas,
graphitizing carbons has weak cross-linking and had a less
developed porous structure (Ramakrishna Gottipati, 2012).
The figure above shows the X-ray diffraction profiles of the
ACs prepared at optimum conditions. The RHS sample was
found to contain a s strong diffraction peak at 29.9654 °C a
series of weak diffraction peaks at 23.4856°, 36.5817°,
40.1731°, 43.9368°, 48.4898°, 49.4886°, 58.6167° and
65.7421° respectively was observed in Fig. 3. These values cor-
respond to reference code number 96-900-0575 (dn = 5.40)
and is attributed to the calcite. ACZ sample shows a mixture
of strong and weak peaks at 20 values between 0 and 80
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XRD Graph of RHS
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Fig. 3 XRD studies of RHS, ACZ and ACZ/AgNP.

degrees of respectively 31.8378°,34.4838°, 36.3256°, 47.6036°,
56.6403°, 62.9018°, 66.4151°, 67.9504° and 69.0721°. This val-
ues correspond to reference code number 96-900-4179
(dpiq = 200) and is attributed to the zincite. Zincite is a rare
minerale with high medicinal values. The XRD patterns of
sample ACZ/AgNP possesses 4 crystelline peaks at 26 posi-
tions of 64.7265°; and 32.3547°, 34.5980°, 38.2457°, 44.4240°
and 64.5517° respectively. These peaks are attributed to refer-
ence number dyyg 4.00 corresponding to Ag. This shows that
the dopping process of AgNP on the two ACs was very effec-
tive. Generally, broad peaks found at around 24° for all the
samples confirm that the samples are non-graphitized and
can have high microporous structure which was confirmed
by the gas adsorption isotherms

3.14. UV=Vis analysis of Ag NPs

The Ricinodendron Heudelotti shell extract was slowly intro-
duced in the AgNOj; solution, initially it was observed that
the orange-clear solution of the extract was rapidly changed
into dark brown colouration indicating the formation of
AgNPs. Based on the visual observation, it was confirmed
that the colour change was due to the reduction of Ag™ to

Ag® (Al-Ansari et al., 2019a,b). Furthermore, the optical
UV-Vis analysis of Ricinodendron Heudelotti shell extract,
AgNOj solution and the synthesized AgNPs in aqueous solu-
tions were monitored by recording the absorption spectra at a
wavelength range of 300-1050 nm as shown in Fig. 4. The shell
extract presents a dom shape peak around 500-950 nm which
is attributed to CO3™ ions while the AgNOj solution does not
show any absorbance peak in that region. For the AgNPs
extract, a strong and sharp peak was observed at 453 nm which
explains the surface plasmon resonance (SPR) phenomenon
that confirmed the synthesis of AgNPs attributed to spherical
nanoparticles of phenol (Al-Ansari et al., 2019a,b) (see Fig. 5).

3.1.5. Fourier transform infra-red spectroscopy for ACZ and
ACZ|AgNP

The FTIR spectra were recorded to identify the different func-
tional groups and the potential biomolecules that contributed
to the reduction of the Ag™ ions and to the capping of the
bioreduced AgNps (Visweswara et al., 2013). The FTIR spec-
trum was recorded 1 day following the formation of the
AgNps. The bands observed around 3556-3931 cm™' may be
attributed to —N—H stretching vibrations of amines and

3 -
——AgNO3
2,5 1
——RHSE
5 ——RHSNP
v
1=
=
5 1.5
< 1 —
0.5 1
4_‘_/\
0 T T T T T T T 1
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Fig. 4 UV-Vis analysis of Ricinodendron Heudelotti shell extract, pure AgNO; and synthesized Ag NPs.
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Fig. 5 Fourier Transform Infra-Red Spectral (FTIR) of ACZ and ACZ/AgNP.

amide (IT) band groups. The was no peaks traces of —OH
groups in the materials, the peak at 2978 cm™' may be attrib-
uted to C—H stretching vibrations of sp? hybridized carbons
(Abega et al., 2019), those around 1508-1716 cm™' corre-
sponds to the carbonyl groups in the a-helices present in the
nut shell extract and C=O0 stretching vibration in the aldehy-
des, ketones, esters, lactones and carboxylic groups on the sur-
face of the ACs after activation. The amide band primarily
consisted of the carbonyl (C=O0) stretching of the peptide
backbone at 1,684 and 1698 cm™". It might also corresponds
to, C—C vibrations in aromatic rings. The observed peaks at
1418-1488 cm™! denote —CH— deformation; which are asso-
ciated with the in plane and out-of-plane aromatic ring defor-
mation vibrations; it can also be attributed to CO3 of calcite
which can also be attributed to Ca—O formed when calcite is
usually completely decomposed into CaO after the chemical
activation. Vibrational frequency at 1066 cm™' observed in
both spectra could be ascribed to the —C—O stretching in
acids, alcohols, phenols, ethers and/or esters groups; O—C
stretching vibrations; —C—N stretching groups in aromatic
rings groups, aromatic rings and —N—O stretching groups
respectively. The milled band around 409-546 cm™!, could
be assigned to —Zn—O of the zincite formed after activation
and carbonisation.

Furthermore, the absence of peaks for Ag in ACZ/AgNP
implies that the silver present in the nano-particles cluster pre-
cipitated is in the metallic form which could be originated to
protein precipitation occurring during the reduction and stabi-
lization of the AgNps (Visweswara et al., 2013). This observa-
tion indicated relatively interaction between the extract and
AgNPs. It also confirmed by the formation of AgNPs which
was materialised by a color change of synthesized AgNPs
solution.

3.1.6. Determination of particle size of ACZ and ACZJAgNP
manerials

Carbon samples were crushed and sieved in the size less than
75 um and 0.04-0.05 g of each sample was added into 5 mL
of methanol. The sizes of the different Samples were measured
by using MALVERN Zetasizer Nano ZS90 at 25 °C. The
results are given in Fig. 6 below.

The size distribution of the ACZ and ACZ/AgNP above
were determined by Differential Light Scattering (Fig. 6a
and 6b). Particle size distribution curve reveals that the ACZ
and ACZ/AgNP obtained are polydispersed in nature, with
average diameter ~81.46 nm and 100.8 nm respectively. Fur-
thermore, the second virial coefficient for ACZ and ACZ/
AgNP are respectively 0.408 and 0.169. This implies that the
particles ‘like’ the solvent more than itself, and will tend to stay
as a stable solution in a disperse manner. These particles there-
fore have stability, good colloidal nature and high dispersity of
AgNPs due to negative-energative repulsion (Kumari et al.,
2015) hence can interact with adsorbate molecules and this
favors adsorption.

3.2. Adsorption test of IC dye on the prepared samples

3.2.1. Variation of pH on the solution

pH measurement is an important parameter considered in the
study of adsorption because it affects both the surface func-
tional groups of the adsorbent and the adsorbate to be
adsorbed. The adsorption of IC dye in aqueous solution of ini-
tial concentration 100 mg/L was achieved by the using a mass
of 0.01 g each for the adsorbents that is, ACZ and ACZ/
AgNP. The pH was varied between 2 and 11 by either using
NaOH or HCI both of concentrations 0.1 N. Figure ¢ shows
the variation of IC quantity adsorbed at different pH.

From Fig. 7 shows that the maximum adsorption of IC dye
for the two adsorbents was at pH 2 for all the adsorbents. The
maximum adsorption at pH 2 might be due to protonation of
the surface of the adsorbents by the H" ions. This implies that
at pH 2, the H" ions will neutralize all the negative charges on
the surface of the adsorbent leaving the surface positively
charged thereby increasing the electrostatic force of attraction
between the positively charged adsorbents and the negatively
charged anionic dyes. Also, at pH lower than 6.5 and 7.7 (cor-
responding to pHpzc for ACZ and ACZ/AgNP respectively)
the suface of the activated carbons and their respective com-
posite becomes positively charged, and the electrostatic repul-
sion between the adsorbate and the adsorbents becomes
weaker and the IC dye may be easily transported to the surface
of the adsorbents and become attached on the surface. It can
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also be due to the fact that at pH 2, there is protonation of the
adsorbate, facilitating intra-particle diffusion and hence favors
adsorption of IC. A similar result was obtained by Ankoro
et al. (2016). But for pH greater than 2, the number of posi-
tively charged surface sites decreases, which did not favor
adsorption due to electrostatic repulsion with negatively
charged IC dye. Also, at pH greater than the pHp,c for the
respective adsorbents, the excess OH ions which is very
mobile increases the repulsion barrier on the surface of the
negatively charged adsorbents which decreases the adsorption
capacities of IC. It can also be noticed that at pH greater than
7, the quantity of IC adsorbed on the ACZ/AgNP greately
increased. This increase results to a slight change of colour
of the solution. The belived mechanisms is that, at pH greater
than 7, there is the possibility of a redox reaction taking place
which therefore facilitates the change in the form of the mole-
cules and consequently its colour. The pH for further adsorp-
tion test was therefore taking as pH 2 (see Figs. 8 and 9).

3.2.2. Variation of contact time of adsorbate and adsorbents

With pH 2 and adsorbent mass of 0.01 g under agitation, the
agitation time was varied between 5 and 60 min. The solutions
were removed under their different agitation time and filtered.
The filtrates were analyzed using UV-spectrometer. Fig. 7
below displayed the result obtained.

The results for the two adsorbents indicate that, adsorption
rate was rapid within the first five minute for all the adsor-
bents. It then slows down and come to equilibrium at 20 min
for ACZ adsorbents. In the case of ACZ/AgNP, it slows down
up to 20 min and increased again from the 20th to the 25th
minutes and finally slows down to attain equilibrium and
30 min beyond which there was no significant increase in the
removal rate in the case of IC adsorption The speed is first
rapid due to the availability of active sites for surface adsorp-
tion. It slows down due to saturation of adsorption site. The
second increase may be due to Pore (intra-particle) diffusion
from the bulk fluid onto the inner surface of the porous adsor-
bents through the film due to continuous agitation. Similar
results were obtained by Sumalatha et al. (2014). It later comes
to equilibrium due to saturation of adsorption sites. It is
though that the stages of sorption of IC on activated carbon
might be controlled by the diffusion process from bulk to
the surface or the heterogeneous nature of the adsorbent.

3.2.3. Variation of adsorbent dose

The study of the effect of adsorbent dosage for the removal of
IC dye was done by varying the mass of the adsorbents, that is,
the ACZ and ACZ/AgNP respectively from 0.01 to 0.06 g and
after the respective consequent adsorption, the solution as
usual was filtered and the filtrate analyzed for the respective
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Fig. 9  Variation of adsorbent dose on adsorption of IC dye.

IC residual concentrations. The graphs below demonstrate the
quantity adsorbed versus the varied mass.

From the figure above, it shows that increasing the mass of
the adsorbents, the quantity of IC adsorbed per gram showed a
remarkable decrease for the two adsorbents. The decrease in
adsorption capacity is basically due to masking of adsorption
sites, that is, the available surface area for IC adsorption
respectively decreases due to aggregation of active sites for sur-
face adsorption. Similar result was obtained by other
researches precisely (Ndi et al., 2013).

3.2.4. Variation of initial concentration of IC adsorption

The concentration of IC dye was respectively varied between
50 and 100 ppm for an adsorption pH of 2, adsorbent dose
of 0.01 g and at their individual respective contact time
obtained during the variation of contact time between the
adsorbates and the carbonaceous materials. The analytical
result obtained was plotted as shown below:

It is observed that increasing, the initial IC dye concentra-
tion increases the quantity adsorbed increase as a function of
the initial dye concentration for the two adsorbents. This
quantity increases from 81.446 to 133.407 and 39.638 to
89.181 mg/g for the ACZ and ACZ/AgNP respectively. This
increase is attributed to the fact that as the concentration of
the adsorbates (IC) increases, the distance between the dye
molecules themselves and the adsorbents decreases. The num-
ber of effective collisions between the dye molecules and
between the dye molecules and the adsorbents increases as a
result of increase in the mobility of the molecules due to high
collision between the molecules themselves. These increase in
effective collision helps to rupture the resistance force between
the adsorbates and the adsorbents. Hence favouring adsorp-
tion which therefore leads to increase in the quantity adsorbed
on the respective adsorbents.

3.3. Adsorption isotherm studies

Adsorption isotherm which is the relationship between the
adsorbate in the liquid phase and the adsorbate adsorbed on
the surface of the adsorbent at equilibrium at constant temper-
ature (Ndi et al., 2014). In order to successfully represent the
dynamic adsorptive behaviour of any substances from the fluid
to the solid phase, it is important to have a satisfactory
description of the equilibrium state between the two phases
comprising the adsorption system. Four Isotherms models
were used to represent the adsorption behaviour of the IC

Fig. 10  Variation of initial concentration of IC adsorption on
ACZ and ACZ/AgNP.

dye in the fluid phase to the solid phase. In this regard, the
analysed date was done under the four non-linear isotherms
models of Langmuir, Freundlich, Tempkin and Dubinin-
Kaganer-Raduskevich as presented Fig. 10 below.

A summary of the different relative isotherm constants and
their respective determination coefficients (R%, RMSE and )
for the adsorption of IC on ACZ and ACZ/AgNP are grouped
in Table 3 below.

Langmuir adsorption isotherm is best known for its appli-
cability to explain adsorption phenomenon on monolayer cov-
erage hence predicting a chemisorption process with strong
forces between the adsorbate and the adsorbents. From Table 3
above, the Langmuir for the two adsorbents on IC dye was the
most suitable and best to explain the adsorption phenomenon

Table 3 Summary of the different relative isotherm constants
and their respective determination coefficients (R?, RMSE and
xz) for the adsorption of IC on, ACZ, and ACZ/AgNP.

Isotherm Parameters Adsorbents
models ACZ ACZ/
AgNP
Langmuir am (mg g1 121752 411.680
Ky (L. g 1.506 0.007
R? 0.999 0.999
RMSE 16.750  10.879
x> 9.956 7.344
Ry, 0.007 0.595
Freundlich Kp (L. g7 74.673  3.769
I/n 0.177 0.857
R? 0.672 0.669
RMSE 13.480  10.956
x> 6.766 7.432
D-K-R qs (mg. g7h) 114.674  101.544
Kaq (mol. J72) x 1077 1.447 526.800
E (kJ. mol™") 1859.119  97.426
R? 0.413 0.719
RMSE 18.038  10.083
x> 11.454  6.256
Tempkin Ar (L. g 88.647  0.115
Br (J. mol™}) 149.880  43.822
R? 0.640 0.694
RMSE 14.137  10.523
x> 7.303 6.817
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looking at its R? values which is closer to unity with values of
0.999, and 0.999 for IC adsorption ACZ and ACZ/AgNP
respectively. Also, the maximum quantity adsorbed on the
monolayer coverage (q.) theoretically for both adsorbates
on the respective adsorbents (except for ACZ/AgNP case) is
closer to the experimental quantities. This implies that most
of the adsorbate molecules adsorbed at equilibrium is found
on the monolayer coverage and this permits to presume a
chemisorption phenomenon on the respective adsorbents.
The high values of the Langmuir adsorption constant (Ky)
on both adsorbents on IC dye adsorbate (except for ACZ/
AgNP on adsorbate) implies the isotherm model is best appli-
cable to explain the adsorption process taking place. This
applicability was futher substantiated by the low values of
RMSE and y? for both adsorbates. Furthermore, the Lang-
muir separation constant Ry for all the adsorbents on the
adsorption of IC dye being found between 0 and 1 (i.e
0 < Rp < 1) implies the adsorption of the two adsorbates
on the respective adsorbents are favourable.

Freundlich isotherm model best applies to adsorption on
heterogeneous surfaces with interaction between the adsorbed
molecules. This model which shows no restriction to the for-
mation of a multi-layer was not the best to explain the adsorp-
tion of IC on the two adsorbates from their R* values.
Nevertheless, despite its low R? values in most cases, the high
values the Freundlich constant (Kf) for the two adsorbents is
high and this makes the model applicable to presume the pos-
sibilities of the formation of a multi-layer coverage on the sur-
face of the respective adsorbents. This possibility was further
strengthened by the low values of RMSE and y° for both
adsorbents on all the respective IC adsorption. In addition,
Freundlich heterogeneity factor //n being lower that 1 implies
the surface of the respective adsorbents is heterogenous vis-a-
vis/with respect to the adsorbates.

The information obtained from the Langmuir and Fre-
undlich isotherms are generally insufficient to explain the phys-
ical and chemical characteristic of the adsorption
phenomenon. Dubinin—Kaganer-Radushkevich (D-K-R) iso-
therm is generally applied to express the adsorption mecha-
nism with a Gaussian energy distribution onto a
heterogeneous surface (Mehrabi et al., 2015). The model has
often successfully fitted high solute activities and the interme-
diate range of concentrations data well. The approach was
usually applied to distinguish the physical and chemical
adsorption of adsorbate molecules with its mean free energy,
E per molecule of adsorbate (for removing a molecule from
its location in the sorption space to the infinity). From Table 3
above the R? values of all the adsorbents were insufficient to
compromised the asdsorption phenomenon but nevertheless,
the theoretical quantities adsorbed at equilibrium is approxi-
mately the same as the experimental adsorbed quanties for
all the adsorbents respectively studied. Also, despite the fact
that the small values of the D-K-R adsorption isotherm con-
stant K,4 was insufficient to be used to explain the adsorption
process. The D-K-R energy constant (E) for all the adsorbents
on the adsorption of IC being far greater than 8 kJmol !, indi-
cates that the adsorption processes of the adsorbents on the
adsorbates is dominated by chemisorption with the formation
of chemical bonds. This further confirms the strong interactive
forces between the adsorbates and the adsorbents presumed by
the Langmuir model.

The Tempkin Isotherm model is often used to explain
adsorption phenomenon because it contains a factor that is
explicitly taking into account the adsorbent—adsorbate interac-
tions by ignoring the extremely low and large value of concen-
trations, 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 (Mehrabi
et al., 2015). Nevertheless, despite the consequent low values
of R? in some cases the high value of the Tempkin isotherm
equilibrium binding energy constant At in all the adsorption
process on IC on all two respective adsorbents implies the
bond energies of the adsorbents and the respective adsorbates
is very high hence strong bond are formed between the adsor-
bates and the respective adsorbents. In addition, the high
adsorption energies of the adsorption process of IC adsorption
on all the adsorbents further confirms the chemisorption
process.

3.4. Adsorption kinetics of IC

The adsorption kinetic study describes the speed at which the
solute phase is retained on the surface of the adsorbents, the
time necessary for the process to attained equilibrium and also
predicts the limiting step of the adsorption process. It also per-
mits one to determine the effectiveness of the adsorption pro-
cess. The non-linear kinetic models of pseudo-first order,
pseudo-second order, intra-particle diffusion and Elovich were
studied in this our work with the aim of determining the type
mechanism or type of adsorption put in place between the
adsorbate and the adsorbent as well as the rate limiting step
of the adsorption of IC on ACZ ACZ/AgNP. In this regard,
the graphs relative to the respective non-linear models is given
by Fig. 11 below and table 2 below gives an over view sum-
mary of the kinetic parameters and their respective determina-
tion coefficients (R?, RMSE and y?) for the adsorption process
(see Fig. 12).

A summary of the different relative adsorption kinetic con-
stants and their respective determination coefficients (RZ,
RMSE and y?) for the adsorption of IC on ACZ and ACZ/
AgNP are grouped in Table 4 below (see Table 5).

From the Table above, the pseudo-first order kinetic
model was most appropriate to explain the adsorption of
IC on ACZ judging from its high R? values which is closer
to unity and their experimental adsorbed quantity which is
closed to the theoretical quantity adsorbed at equilibrium.
Also its low values of RMSE and y? for ACZ adsorbent
makes the model suitable to explain the adsorption process.
The pseudo-second order kinetic model was most appropriate
to explain the adsorption of IC on both ACZ and ACZ/
AgNP from their R? value which is closer to unity and their
experimental adsorbed quantity which is closed to the theo-
retical quantity adsorbed at equilibrium. The reliability of
this model to explain the adsorption mechanisms was further
confirm by their respective low values of RMSE and x> which
are 2.269 and 0.000 and 0.494 and 0.000 (for RMSE and >
respectively) for ACZ and ACZ/AgNP respectively. This
model strongly described interaction between the surface of
these adsorbents and the adsorbate, which indicates that
the adsorption is, might be with chemisorption with the for-
mation of strong bonds between the adsorbents and the
adsorbates.
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adsorption on ACZ and ACZ/AgNP.

With respect to R? values, the Intra-particle diffusion
model is most suitable to explain the adsorption of IC on
ACZ with R? value of 0.900 However, the large values of the
diffusion constant value K;4 for all the adsorbents implies that
diffusion rate of IC is important in the adsorption process; but
that’s not withstanding, the high values of the constant C;
(which is the repulsion barrierbetween the adsorbate and the
adsorbent) for all the adsorption processes is an indication that
the intra-particle diffusion step is not the rate limiting step in
the adsorption mechanism. This therefore favours strong inter-
action between adsorbents and adsorbate molecules. This is
further confirmed by the higher values of RMSE and y? for
all the adsorption processes.

In the case of the Elovich model, all the R? values were sig-
nificant but the best fitted in terms of R? value was for ACZ/
AgNP composite materials with values of 0.994 respectively
for IC adsorption. Also, the RMSE and y* values which are
respectively 4.262 and 1.077 ACZ/AgNP for IC adsorption
throws further significance of this model to explain the adsorp-

tion of IC on the above adsorbents. Nevertheless, The Elovich
adsorption speed constant (o) for all four adsorbents is far
greater than the desorption coefficient f for both the IC
adsorption processes which strongly declares without any
doubt or fear of uncertainty that the adsorption process of
IC on is the above respective adsorbents is chemisorption.

3.5. Antibacterial test of ACZ and ACZ|AgNP samples on
shigella flexneri, Salmonella typhi and Escherichia coli bacteria

The MIC values range from 7.812 pg/ml to 250 pg/ml. The
activated carbons doped with silver nanoparticles are generally
more active than the simple nanoparticles alone (RHS-NP).
Equally, activated carbons with silver nanoparticles at a
0.5M AgNOj; (ACZ-Ag-NP) are more active than those doped
at 1 mM AgNO; (ACZ-A). ACZ-Ag-N generally was the most
active (with MIC ranging from 7.782 to 62.5) and the RHS-NP
was the least active ranging from (62.5-500 pg/ml). The results
equally showed that E. coli and S. typhi were the most
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Table 4 Summary of correlation coefficients and non-linear
constants of kinetic models on the adsorption kinetics of IC.

Kinetic models Parameters Adsorbents
ACZ ACZ/AgNP
Pseudo-first order g, (mg g ") 115.755 99.455
k; (mins™") 0.323 0.262
R? 0.992 0.262
RMSE 3.087 24.758
x> 0.940 67.794
Pseudo-second qe (mg g " 120.613 125.000
order K, (mg 0.006 34.000
g 'mins™")
R? 0.995 1.000
RMSE 2.268 0.000
x> 0.494 0.000
Intra-particle kiq 11.123 8.424
diffusion C; (mg. g1 48.703 81.279
R? 0.900 0.496
RMSE 20.994 35.620
x> 26.198 68.047
Elovich o (mg g! 2.643 x 10! 5225 x 10'!
mins ')
B (g. mins™')  0.386 0.154
R? 0.870 0.994
RMSE 13.989 4262
x> 16.363 1.077

Table 5 Minimum inhibitory concentrations (pug/ml) of doped
activated carbon and nanoparticles (RHS-NP) from RH shells.

Test sample Bacterials
Salmonella Escherichia Shigella
typhi coli fexneri
ACZ - - -
ACZ/AgNP 125 15.625 125
(1 mM)
ACZ/AgNP 31.25 7.812 31.25
(5 mM)
RHSE - - -
RHSNP 125 62.5 250
Ciprofloxacin 0.156 0.625 0.078

ACZ: Zinc chloride activated carbon, ACZ-Ag/NP: Zinc chloride
activated carbon doped with silver nanoparticles, RHSE: Ricin-
odendron heudelotti shell extracts, RHSNP: Ricinodendron heude-
lotti shell nanoparticles.

susceptible while S. flexneri was the most resistant. The un-
doped activated carbon showed no activity against any of
the strains at the tested concentrations.

4. Discussion

The MIC value of the samples varied from 7.782 to 250 ng/
mL. The results show that doping generally increase the
antibacterial properties of the extracts and the activated car-
bon, while the introduction of nanoparticles further increases
this activity especially at the lower concentration of 5 mM
AgNO; According to Tamokou et al. (2017), the antimicrobial
activity of a plant extract is considered to be highly active if the

MIC < 100 pnpg/mL; significantly active when
100 < MIC < 512 pg/mL; moderately active when
512 < MIC < 2048 png/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 doped carbons and nanoparticles.
Interestingly, these samples exhibited significant activities
against the typhoid-causing Salmonella typhi, as well as the
diarrheal-manifesting Escherichia coli and Shigella flexneri.
The RHS extract had no activity while sythesised nanoparticles
have activities ranges between 62.5 for Escherichia coli, 125 for
Salmonella typhi and 250 for Shigella flexneri. Similar results
were showed by Kumari et al. (2015).

Despite the fact that there are no limits for activities of
solid carbon materials, it is particularly interesting to note
that these nanoparticles are from products considered as
waste (Ricinodendron heudelotii shells) and demonstrated
herein to hold great perspectives in the development of com-
plementary and/or alternative medicines to the use of syn-
thetic antibiotic.

The antibacterial activity of doped activated carbon from
Ricinodendron heudelotii shells is therefore presented herein
for the first time. The significant activities recorded offers great
perspective in the development of nanoparticle-base medica-
tion against the typhoid-causing Salmonella typhi, as well as
the diarrheal-manifesting Escherichia coli and S. flexneri.

5. Conclusion

Novel approach for biosynthesis of AgNPs from aqueous
Ricinodendron heudelotii shell extract was investigated and
given in this present work. The synthesized AgNPs were spread
on the surface of the ACZ by simple precipitation method to
form a composite material. XRD parttern shows pics of zincite
and Ag in ACZ and ACZ/AgNP respectively. The UV—Visible
analysis show the appearance of a peak at 453 nm during
nanoparticle preparation, while the FTIR result shows no sig-
nificant change from ACZ to ACZ/AgNP on doping, confirm-
ing the production of a nano-composite material. The
adsorption capacity of the ACZ/AgNP was slightly lower com-
pared to that of the ACZ which could be as a result of the pre-
cipitated AgNPs occupying the active sites available for IC
adsorption. The synthesized RHSNPs and ACZ/AgNP have
shown interesting antibacterial activities with typhoid-
causing Salmonella typhi, as well as the diarrheal-manifesting
Escherichia coli and S. flexneri a wide range of pathogenic bac-
terias which established their application in biomedicines.
Thus, it can be concluded that the prepared ACZ/AgNP and
AgNPs synthesized using Ricinodendron heudelotii shell extract
is a cost effective, simple and eco-friendly method that
excludes the hazards arising out of the use of harmful reduc-
ing/capping agents. Therefore, the introduction of silver
nanoparticles onto the activated carbon could be used in water
filters and will attribute excellent antimicrobial property to the
filters. This does not only prevent rapid blockage of filters, but
also limits the possibilities of the spread of water borne dis-
eases. Moreover, this process could be easily scaled up for
the industrial applications to increase the yield of the nanopar-
ticles significantly as the Ricinodendron heudelotii shells are
considered as potential waste, which undoubtedly would estab-
lish its commercial viability in medicine.
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