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found to be independent of pH, with an optimal contact time of RhB removal
within 10 min for materials. The non-linear adsorption isotherm data for the
adsorption process showed that the Langmuir and Freundlich models best
fitted the RhB adsorption onto PETAC meanwhile only the Freundlich ad-
sorption isotherm gave the best fit for CS/PETAC according to the correlation
coefficient value closed to unity. The pseudo-first and pseudo-second-order ki-
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netic models best described the RhB dye removal on both adsorbents. Addi-
tionally, the Elovich model confirmed that chemisorption was the main me-
chanism followed. These findings proved that CS seeds and PET wastes are
low-cost precursors that should be given an added value by transforming
them into an outstanding carbon material for dye removal in liquid effluent.
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Activated Carbon, Rhodamine B, Canarium schweinfurthii, Plastics Wastes,
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1. Introduction

The discovery of plastic materials has changed human behavior from domestic
to industrial levels. Plastic materials were reported to have tremendous benefits
and advantages to mankind because they have highly influenced day-to-day life
and people fail to think of easy life without the use of plastic materials. Plastics
materials are considered as one of the widely used synthetic polymers around
the world [1]. Although plastic materials are essential in human life, they are
currently used in electronics, buildings and other industries [2]. The annual
production of plastic materials has doubled over the past fifteen years to 245
million tons. This increased production of plastic waste has led to a big envi-
ronmental disturbance that needs to be solved. Annually and due to their exces-
sive usage, the plastic waste in billions of tons accumulates around the world [3].
Among the total solid wastes generated in the environment, the plastic waste
topped the list [4]. It has been proved that, under natural conditions, the plastics
materials are non-degradable organic matter, thus considered as a major envi-
ronmental problem [5] [6] [7].

Recycling plastic waste is an alternative solution to producing new materials
and limiting the mountains of trash that accumulate plastic waste and cause se-
rious threats to the environment and wildlife [8]. Plastic wastes are considered
the most hazardous solid waste [9]. In plastic waste dumping sites, terrestrial
animals are used to feed from thrown-off foodstuff along with plastic carrier
bags. In the past, the consumption of such foods along with plastic carrier bags
led to the death of cows.

Among the various methods to reduce plastic waste colonization, the biode-
gradation technology is known to be the most accepted and eco-friendly me-
thod. The bioremediation method proceeds due to the potential microorganism
action and without using any kind of heat [10]. Based on the oxygen utilization
in the biodegradation technology of the toxic compounds (organic in nature),
two types of biodegradation processes are recognized: That are the aerobic and
anaerobic biodegradation [11]. Plastic wastes that end up in landfills break down
aerobically into water and CO,, whereas the plastic waste dumped at ex-situ level

degrades anaerobically and lead to the generation of H,O, CO, and CHj, as end
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products [10]. Different microbes are required to break down the polymers into
water and CO, in a multistep process of aerobic biodegradation [12]. During
aerobic biodegradation, some microbes lead to polymer breakdown into smaller
components such as oligomers, dimers, and monomers and other microbes
convert them into smaller end products and later consume these generated
smaller components [8] [11].

Furthermore, during the last two decades, researchers have paid more atten-
tion on the development and tailoring of adsorbent materials for wastewater
treatment purposes. The removal of heavy metals, dyes and pesticides from
wastewater is essential in order to keep the environment clean and human health
safe [13] [14] [15]. Besides the aforementioned pollutants, Rhodamine B dye is
always incriminated in several environmental problems such as respiratory af-
fection, cancer and eye irritation [16] [17]. For the RhB remediation in conta-
minated water, several methods including thermal degradation using
non-thermic plasma, electrocoagulation, reverse osmosis and adsorption have
been developed [18] [19] [20]. Also, [21] [22] [23] studied the Photodegradation
of methyl orange and Rhodamine dye on TiO, Fe;0.@ZnO@graphene oxide
nanocomposite. Due to the aromatic structure of dye organic pollutants, the ap-
plication of some of the mentioned methods is not very effective in eliminating
pollutants [24]. Among the above-cited methods, the adsorption technique is
promising based on its economical aspect, flexibility, simplicity of design and
ability to remove various pollutants even at low concentrations [25] [26].

From the literature, various adsorbents including carbon-based materials,
chitosan, clay, volcanic pumice and zeolite have been successfully used for
RhB dye removal [27]-[31]. For industrial water treatment, the activated car-
bons are so far considered as 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 to be called versatile materials [27] [32].
In general, activated carbons are considered to possess hydrophobic proper-
ties, which considerably reduce their adsorption capacities towards RhB from
aqueous media [33] [34] [35]. In order to increase their adsorption capacities
towards RhB, the activated carbon’s surface can be modified by reinforcing
them to form composite material [27] [36]. It has been reported from the li-
terature that a composite can be made by either reinforcing the carbon skele-
ton/chains or its surface using biological, physical, or chemical methods [37]
[38] [39].

Carbon composites are considered to be good materials with various applica-
tions in environmental protection. Their most found property is the increase of
adsorption capacity towards some hazardous species. In Cameroon, the African
black fruits (Canarium schweinfurthii) are abundant and available in large
quantities. The Canarium schweinfurthii seeds have been successfully used to
prepare activated carbon [40] [41], but there is not much work as far as our

knowledge is concerned which deal with the production of carbon composite
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materials based Canarium schweinfurthii seeds combined with PET wastes [42].
Hence, the aim of this work is to prepare a composite carbon material based
Canarium schweinfurthii seeds and polyethylene terephthalate wastes and finally
use non-linear consideration to study the equilibrium and kinetics adsorption of
RhB dye selected as a representative of cationic basic dye since it is frequently
found in industrial wastewater.

In our previous work, the linear least-square method was widely used by
transforming the equation into a conventional linear form to calculate or pre-
dict the isotherms/kinetics parameters or the most fitted models of RhB dye
adsorption [25] [30]. These models are principally subjected to their goodness
of fit to the experimental data with the magnitude of the coefficient of deter-
mination that is close to unity [43]. Linear methods have been proven to have
significant limitation related to the linearized form of isotherms/kinetics equa-
tions by producing a vast number of different outcomes, which implicitly alter
the error structure, violates the error variance and normality assumptions of
standard least squares leading to the bias of the adsorption data [25] [44] [45]
[46]. Due to the inherent bias from linearization, the non-linear regression will
be used in this work to provide a mathematically rigorous method for deter-
mining the isotherm/kinetic parameters using the original form of the equa-
tions [44] [45].

The aim of the present work was to valorise the local agricultural and plastics
waste in the preparation of biocomposite applied to the removal of RhB from
water. The adsorbents were characterized using various techniques including
thermogravimetric analysis-differential scanning colorimetry (TGA-DSC), scan-
ning electron microscopy-energy dispersive spectrometry (SEM-EDS), X-ray
fluorescence (XRF), Fourier transformed infrared spectroscopy (FT-IR) and ni-
trogen adsorption/desorption (N,-BET). The effect of pH, time, mass and initial
concentration of RhB were investigated by performing batch adsorption experi-
ments. The kinetics and isotherm studies were also investigated based on the

adsorption results.

2. Materials and Methods

2.1. Sampling of Precursors and Preparation of Adsorbents

The PET bottles were collected from the water stream in the neighborhood of
Oyomabang in the Yaoundé city capital of Cameroon. They were chopped in
smaller sizes of about 0.6 - 1.0 cm in diameter and dried. The PET particles were
then carbonized in a controlled Carbolite tube furnace (Carbolite 1200°C Tube
Furnaces, Keison Products) at 300°C in order to obtain PET carbonized material
without elastic properties. The non-elastic PET was ground and sieved to sizes of
around 0.6 to 1.6 mm. 10 g of the non-elastic PET was mixed with phosphoric
acid used as an activating agent, dried and the dry sample was once again carbo-
nized in the Carbolite tube furnace at 300°C for 1.0 h and the resulting carbon

material was called PETAC. The sampling of Canarium schweinfurthii seeds was
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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 dis-
tilled water and drying. The seeds were ground and sieved at the particle sizes
ranging 1.0 - 2.0 mm. The sieved sample was mixed with phosphoric acid (or-
thophosphoric acid, 85% of purity from PA Panreac, used without any further
purification) and the non-elastic PET in the ratio 1:1:1. 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 and the
composite carbon material obtained was coded as CS/PETAC. However, the
temperature of carbonization of PET to PETAC and the CS, PET and phosphor-
ic acid mixture to CS/PETAC was obtained from TGA Analysis (Figure 1 and

Figure 2).
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Figure 2. Representation of the thermogravimetric graph of PET.
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2.2. Samples Characterization

The thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) of CSseeds and PET were evaluated using a thermogravimetric analyzer,
TGA/DSC (LENSEIS STAPT-1000 thermal analyzer). The surface morphologies
of PETAC and CS/PETAC 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,
PET, PETAC and CS/PETAC were 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 PETAC and CS/PETAC were done using nitrogen adsorption/desorption
at —196°C, which was conducted using a gas sorption analyzer, Quantachrome,
NOVA 1000 series, USA.

2.3. Batch Adsorption Experiments

Batch adsorption experiments were carried out by mechanical agitation at room
temperature (27°C + 0.1°C). For each run, 20.0 mL of RhB dye of known initial
concentration was treated with a known mass of PETAC or CS/PETAC adsor-
bents. After agitation use Multipurpose Flask Shaker TT12F from Techmel and
Techmel USA at 160 rpm for a fixed period. The solution was filtered using a 0.2
um Millipore filter and the filtrate was subsequently analyzed for RhB residual
concentration by UV/Vis spectrophotometer, model S23A from Techmel and
Techmel USA at a wavelength of 660 nm. Similar measurements were also car-
ried out for various PETAC and CS/PETAC doses (0.01 to 0.06 g), pH (2 to 10)
and initial concentration of RhBsolution (50 to 100 mg/L). The RhB amount
adsorbed per unit mass of adsorbent at equilibrium Q. (mg/g) was calculated by

using the following expression.

Qe — o e %V (1)

Q=— xV )

where G, C.and C; (in mg/L) are the initial, equilibrium and concentration at
the time, ¢ of RhB solution respectively, m (g) the mass of adsorbent and V(L)

the volume of the solution.

2.4. Non-Linear Adsorption Isotherms and Kinetic Modeling of the
Adsorption Data

2.4.1. Adsorption Isotherm Studies

Three non-linear adsorption isotherms: Langmuir, Freundlich and Temkin iso-

therms were used to analyze the experimental data and their non-linear forms

[25] [45] [46] [47]. The respective isotherms equations models used are given

below.
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9K, Ce
— 3
% 1+ K. C, (3)
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qe = KFCen (4)
RT
0. =—-In(K:C,) )

where C, (mg/L) and g. (mg/g) are the concentration and the adsorbed quantity
of RhB at equilibrium, g, is the maximum adsorbed quantity, K; (L-mg™) is the
Langmuir adsorption constant, Kz (L-mg™) is the Freundlich adsorption con-
stant related to adsorption capacity, n is the energetic heterogeneity of surface,
K7ris 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 7" (K) is the temperature at which the adsorption
took place.

2.4.2. Kinetics Studies

To describe the mechanism of the adsorption process and the rate-controlling
step of RhB onto PETAC and CS/PETAC adsorbents, four kinetic models
namely pseudo-first-order, pseudo-second-order, Elovich and intraparticle dif-
fusion were used to correlate the experimental data and their non-linear forms

[25] [45] [46] [47] [48]. The respective kinetics equations models used are given

below.
0 =0, [ 1—exp(—kit)] (6)
_ qeszt 7
%= 1+ q.k,t @
1

g =—In(1+apt (8)

Jin(L o)
q, = kt> +C; 9)

where, ¢:and g. (mg/g) are the adsorbed quantity at a given time, #and equili-
brium respectively. Ki (min™), &; (g-mg"-min™') and ks (mg-g™"-min°) 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 adsorp-
tion, S (g'mg™) is the desorption constant and C; is a constant value depicting
the boundary layer effect.

The validity of the different aforementioned models was evaluated using cor-
relation coefficient (&%), root mean square error (RMSE) and Chi-square test (%)

[45]. The respective relations are given below:

Z::l(qe.exp,n - qe, pre,n )2
n —_—\2
Zn:l(qe.exp,n - qe.exp,n )

R?=1-

(10)
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n 2
RMSE :\/Zn—l(qe-?ﬁil—qe-pre,n) (11)

(qe.exp,n ~Qe.pre.n )2

qe.exp,n

=% (12)
where, @eey and g, are experimental and predicted equilibrium adsorption ca-
pacities. The best fitting and similarity of a model with experimental data is de-
cided by the largest value of R* or the smallest values of RMSE and Y.

3. Results and Discussion
3.1. TGA d DSC Results of CS and PET Precursors

The thermochemical behavior and the phenomena involved during the pyrolysis
of CS and PET are recorded in Figure 1 and Figure 2 respectively.

Figure 1 displays four thermal points. The first one appears at 72°C corres-
ponding to the departure of free water at the surface of CS with a weight loss of
approximately 8.44% which is an endothermic process. The second thermal
point appears around 311°C resulting from a weight loss of about 46.42%, this
weight loss could be attributed to the hemicellulose degradation with an exo-
thermic phenomenon. The third thermal point appears around 390°C corres-
ponding to a weight loss of 30.68%, this cellulose degradation is followed by the
beginning of the lignin degradation. The fourth thermal point appears between
400°C and 520°C which corresponds to total lignin decomposition with a weight
loss of 1.39%, this low value of weight loss may be due to the low level of lignin
in CS precursor. These results are in agreement with the work done by Raveen-
dran et al 1995 who showed that cellulose decomposes in a narrow temperature
range of 300°C - 400°C and 325°C - 375°C while lignin dissociated in a much
wider temperature zone 250°C - 550°C and 200°C - 500°C [49]. These authors
also indicated that hemicellulose which is the least thermally stable compound
decomposes at low temperatures ranging 200°C - 250°C and above 520°C, there
are bonds disruption thus allowing volatile matters departure. Only inorganic
matter like ash remains, consequently the carbonization temperature of CS was
chosen between 400°C and 600°C.

According to Figure 2, it is noticed two main thermal points. The first point
thermal point occurs at 243°C and is an endothermic phenomenon that can be
attributed to carbon skeleton rearrangement without breaking the bonds of the
chemical structure of PET. The first weight loss of 86.50% is observed at 427°C
indicating carbon-carbon skeletons destruction. The second weight loss appears
at 487°C indicating the decarboxylation of the polymers precisely the car-
bon-oxygen bonds. Beyond 500°C, no further weight loss is observed, hence the

PET was totally carbonized and only ash remains.

3.2. X-Ray Fluorescence Analysis Results

Figure 3 shows the spectra of the results for the elemental composition of PET,
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Figure 3. X-ray fluorescence Spectra of PET (a), CS (b), PETAC (c) and CS/PETAC (d).

CS, PETAC and CS/PETAC samples which are highlighted by the X-ray fluores-
cence analysis method.

According to Figure 3, the peaks appearing at 2.7 keV correspond to the exis-
tence of the metal Rh due to the characteristics of the spectrometer tube, ie., 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, it should not be taken into account when interpreting
the spectra of all materials. Figure 3(a) has no particular peaks other than those
of rhodium indicating that the crude PET material contains only organic ele-
ments like carbon, hydrogen, oxygen... and no metallic elements. Figure 3(b)
shows the Canarium schweinfurthii spectrum and according to that spectrum,
the different elements found are potassium, calcium, sulfur, silicon and phos-

phorus. It is also observed that the major elements are potassium and calcium
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while the other elements present are in trace. Figure 3(c) and Figure 3(d) cor-

responding to PETAC and CS/PETAC spectra respectively indicate calcium,

sulfur, silicon, phosphorus and potassium presence with the phosphorus ele-

ment in huge amounts and others in trace state. It can be noticed the absence of

potassium element or its presence in trace in PETAC and CS/PETAC carbon

materials may result in their activation with phosphoric acid. In that way, 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 adsorbent, hence its absence or its presence in a very low

concentration.

3.3. FT-IR Analysis Results

The FT-IR spectrum of PET is given in Figure 4.
It shows four main absorption bands at 2800 - 3000 cm™, 1500 - 1700 cm™,
1300 - 1400 cm™ and 1000 - 1200 cm™. The band located at 2989 cm™ is charac-

teristic of the asymmetric and symmetric deformation and elongation valence

vibrations of the —CH,=CHj; group. The band at 1713 cm™ may be due because

of the elongation vibration of C=0 in ketones, aldehydes, lactones, and carbonyl

and aromatic rings. The band recorded between 1300 and 1401 cm™ is attributed

to the deformation and elongation vibrations of C=C bonds of aromatic rings.
The bands observed at 1000 cm™ and 1200 cm™ are the consequence of the C-O

elongation vibration in esters. For the bands located at 900 and 400 cm™, they

are attributed to the out-of-plane deformation vibration of aromatic C-H bonds.
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Figure 4. FT-IR spectrum of PET.
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This region allows to account for substitutions on the benzene rings and to eva-
luate the degree of condensation of the aromatic rings.

Figure 5 shows the FT-IR of CS and it reveals that a broad absorption band
located between 3600 - 3300 cm™ with a maximum of around 3400 cm™ is cha-
racteristic of the O-H elongation vibration of carboxyl, phenols or water ab-
sorbed of CS. The band around 2900 cm™ is attributed to the —~CHj; asymmetric
and symmetric valence vibration. The bands located at 1700 cm™ and 1600 cm™
derived from the C=0O elongation vibration in ketone, aldehyde, lactone car-
bonyl groups and aromatic ring 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 C-H deformation mode in differently substituted aromatic rings.
The presence of hydroxyl of phenolic and carboxyl functional groups provides
the surface of CS an acidic character while the carbonyl functional groups give a
basic character. Therefore, the main surface functional groups present on CS
surface have seemed to be carbonyl, ethers and carboxylic acids. These groups
are similar to those found on some agricultural lignocellulosic residues [50].

Figure 6 presents the FT-IR of PETAC and CS/PETAC. The bands around
1700 cm™ and 1600 to 650 cm™ for PETAC (Figure 6(a)) and around 1650 cm™
for CS/PETAC (Figure 6(b)) are caused by the C=0 elongation vibration in ke-

tone, aldehyde, lactone, carbonyl groups and aromatic ring. The bands located
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Figure 5. FT-IR spectrum of CS.
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Figure 6. FT-IR spectrum of the PETAC (a) and CS/PETAC (b).

from 1070 to 1370 cm™, which are weak bands for CS/PETAC are in a domain
that is formed by an overlap of absorption bands attributable to C-O bond and
also to the P-O and P=bonds on the surface and in-plane vibrations of the C-H
bond in several C=C-H structures. The disappearance of —OH and other func-
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tional groups from the precursors to the prepared adsorbents indicates the role

played by the activating reagent (H;PO,) and the PET material.

3.4. SEM-EDS Analysis Results

To analyze the surface morphology and elemental composition of the precursors
(PET and CS) and the adsorbents synthesized (PETAC and CS/PETAC) their
SEM/EDS were performed. Figure 7 helps to visualize the surface morphology
of PET and CS at different resolutions and magnifications.

It can be observed from Figure 7(a) that the PET precursor has a random
shape with a smooth surface and sharp edges. Moreover, there is a quasi-absence of
any hole proving that PET is non-porous. From Figure 7(b) it can be seen that the

CS surface is rock-like with few pores. Moreover, this surface is very rough

(b)

Figure 7. SEM images of PET (a) and CS (b).

DOI: 10.4236/msce.2023.1111006 87 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2023.1111006

G.Y.Borisetal.

3 mm

700 pm

' Electron Image 1

and shows cracks at high resolutions. The images show a material with a un-
iformly identical texture with almost no pores, in other words, the pores are less
visible. To obtain the elemental composition of some areas of the micrograph
given by the SEM, two areas were chosen as shown in Figure 8.

It results from Figure 8(a) show that PET presents only two elements. The
most abundant is carbon with an average atomic percentage of 74.61% followed
by oxygen with an average atomic percentage of 22.97%. It should be noted that
this method of analysis is not sensitive to the hydrogen atom, hence its absence.
The difference in the percentage of the elements in the selected zones also shows
that the atomic dispersion in the sample is not homogeneous. Its heterogeneity
may be due to the initiation and termination of polymer chains during polyme-
rization. From Figure 8(b) it can be seen that the most abundant element is

carbon with an average atomic percentage of 63.28% followed by oxygen

Spectrun 2

- 0 05 15 2573
Electron Image 1 Full Scale 7860 cts Cursor: 6.738 (10 cts)

0 05 1 15 2 25
Full Scale 6091 cts Cursor: 6.833 (12 cts)

Figure 8. SEM-EDS images of PET (a) and CS (b).
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with an average atomic percentage of 29.23% and nitrogen with an average
atomic percentage of 7.32%. The difference in the percentage of the elements in
the selected areas and the absence of magnesium, silicon and calcium shows that
the atomic dispersion in the samples is not homogeneous. Moreover, the white
parts observed on CS micrograph give an idea on a certain degree of crystallinity
of CS. Figure 9 gives the SEM of PETAC and CS/PETAC at different resolutions
and magnifications.

From Figure 9(a), it revealed that PETAC has a rough surface at magnifica-
tion. It can also be seen that there are many pores on the surface and internal
cross-section of PETAC which might result from the spaces between the rough
structures on the surface of the prepared material. This porous structure may af-
fect the RhB dye sorption efficiency and is found to have relatively more homo-

geneous pores with constant diameters. Figure 9(b) shows the micrograph of

CS/PETAC which looks aggregate and possess more pore than the

Figure 9. SEM images of PETAC (a) and CS/PETAC (b).
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activated carbon obtained from PET alone which is in agreement with the re-
sults of BHJ calculation from nitrogen adsorption-desorption as seen in Table 1.
The resulting micrographs obtained are the consequence of the starting mate-
rials used. Moreover, the CS seeds produce many coals with a large pore diame-
ter range in contrast with the PET which produces coals with a uniform pore
diameter. Maybe mixing the two PET and CS precursors, allowed the effect of
reducing the multiplicity of pores. Therefore, it can be considered a major ad-
vantage in the preparation of carbon adsorbents used for adsorption, however
for adsorption to take place in the micropores and mesoporous, the adsorbate
must pass through the macropores which serve as a highway to the inner struc-
ture of carbon adsorbent.

The analysis of the composition of PETAC and CS/PETAC shows that the two
adsorbents are constituted mainly by carbon and oxygen atoms with the highest
percentage of carbon meanwhile, Figure 10(a) and Figure 10(b) show carbon
materials with different textures. This result confirms that CS/PET is a strongly
carbonaceous material compared to PETAC. The other atoms like phosphorus
and nitrogen either come from the starting materials or the activating reagent.
Additionally, the presence of the phosphorus atom may be the result of the reac-

tion of phosphate ions with the precursors.

3.5. Textural Properties Analysis Results

The textural properties determination was done by N, adsorption-desorption
using a Micromeritics Surface Analyzer (Quantachrome, NOVA 1000e series,

USA). The surface area, pore volumes and pore size distribution were calculated

Table 1. Summary of surface characteristics of PETAC and CS/PETAC.

Parameters Determination method used PETAC  CS/PETAC
BET multipoint 6.749 1282.0
i cumulative desorption surface area . .
Specific surface gy cyumulative desorp f 34.38 336.4
area
(mg/g) DH cumulative desorption surface area 34.79 340.5
DFT cumulative surface area 4.384 859.5
BJH cumulative desorption pore volume 0.05140 0.3941
DH cumulative desorption pore volume 0.04998 0.3838
Pore volume .
HK micropore volume 0.002119 0.5464
(cm?/g)
SF micropore volume 0.0008673 0.3550
DFT cumulative pore volume 0.01.828 0.8248
BJH desorption pore diameter 3.616 3.846
DH desorption pore diameter 3.616 3.846
Pore diameter .
HK pore diameter 0.3675 0.3675
(nm)
SF pore diameter 0.4523 0.4523
DFT pore Diameter 6.225 1.543
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Figure 10. SEM-EDS images of PETAC (a) and CS/PETAC (b).

by the Brunauer-Emmett-Teller (BET) multipoint, Dollimore-Heal (DH), Bar-
ret-Joyner-Halenda (BJH) and Density Functional Theory (DFT) methods. Ta-
ble 1 compiles the surface characteristics of PETAC and CS/PETAC according
to the different methods used.

According to Table 1, PETAC presented a low multipoint BET surface area
(6.749 m*g™) compared to CS/PETAC (1282 m*g™'). Moreover, PETAC has a
smaller pore volume from the BJH method (0.05140 cm?/g) while CS/PETAC is
greater (0.3941 cm?®/g). This significant increase observed in BET surface area
and pore volume from PETAC to CS/PETAC may result from the high carbon
content in CS/PETAC obtained during the re-enforcement process of the plastic
on CS. Moreover, this increase can be attributed to particle arrangement on ba-
sic precursors which synergically screened the pores during the composite ma-
terial preparation. On the other hand, CS/PETAC was found to have a higher
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pore diameter compared to PETAC. This can be attributed to the preparation
method used which consequently favors the opening of the pores. This large
opening of pores could be helpful for the adsorption of large molecules like RhB.
The pore diameters for both PETAC and CS/PETAC range between 2 and 50 nm
suggesting a dominance of mesoporosity. In addition, the specific surface area of
CS/PETAC which is greater than that of PETAC may be considered as a contri-
bution of PET in reinforcing the structural properties of the lignocellulosic ma-

terial which are the Canarium schweinfurthii shells.

4. Adsorption Studies Results
4.1. Effect of pH

The effect of pH on the RhB adsorbed quantity was investigated under the con-
ditions of 30 min of contact, an adsorbent dose of 0.02 g and an initial concen-
tration of 100 mg/L. According to Figure 11, the increase in pH values was
found to have no remarkable effect on RhB adsorbed on both CS/PETAC and
PETAC. This little effect of RhB adsorbed onto both cases is between pH 2 to 11.
In both cases, there was a slight variation of less than 2% change. This may be
due to the fact that an increase in pH values contributes to an increase in hy-
droxide ions (OH") in the solution. These hydroxide ions are either neutralized by
the positive sites in both cases surface and the electrostatic attractions with cationic
dye of RhB which favors adsorption. Meanwhile, there is strong electrostatic re-
pulsion between both cases and cationic RhB which reduces adsorption. A similar
situation was observed during photodegrading on TiO, and ZnO and modified
TiO, nanoparticles [51]-[55]. This observation is consistent with the fact that, in
the adsorption process, the pH affects both the RhB degree of ionization and the
surface chemistry of the adsorbents. Further, an increase in pH values had no rea-
sonable change in RhB quantity adsorbed because of the protonation and depro-

tonation of the surface functional groups present on both the adsorbent.

0.105 +
0.100 + B o
0.095 +
0.090 +
= 0.085 T+
g —o—PETAC
< 0.080 +
< o075 1 o CS/PETAC
Composite
0.070 +
0.065 + e e o o o
0.060 : : : : f :
0 2 4 6 8 10 12
pH

Figure 11. Graph of the effect of pH on RhB removal onto PETAC and CS/PETAC.
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4.2. Effect of Contact Time

The effect of contact time on the RhB removal onto PETAC and CS/PETAC is
represented of Figure 12. Since the pH had no effect on PETAC and CS/PETAC
adsorbents, the effect of contact time on RhB adsorbed quantity was investigated
under the conditions of initial pH of RhB solution, concentration of 100 mg/L
and adsorbent dose of 0.02 g a variable time between 0 to 60 min. Figure 12 re-
veals that the results achieved for the two adsorbents can be seen that the rate of
adsorption is faster for PETAC and CS/PETAC within 0 to 5 min of the adsorp-
tion process. Then, there is a slowdown leading to an equilibrium state. The
rapid increase of the RhB adsorbed quantity during the initial time of adsorption
process may be attributed to the availability of large number of adsorption sites.
The slowdown and the establishment of equilibrium within 10 min for both
PETAC and CS/PETAC is due to the saturation of adsorption sites [26]. The
adsorbed quantity at equilibrium were 63.093 mg/g and 98.168 mg/g for PETAC
and CS/PETAC respectively. This difference of 35.730% between PETAC and
CS/PETAC on the adsorption capacity could be the result of the difference in the
physicochemical properties and also the results of synthesis of a composite ma-
terial with greater adsorption property than PETAC alone. During the produc-
tion of CS/PETAC composite adsorbent, the aromatization reaction of the com-
posite is reinforced by the presence of the carbon enriched by PET to give the
composite a restructured form with higher adsorptive property. Furthermore,
the restructuring gives the composite higher surface area (Table 1). The large
specific surface area and pore size distribution on composite are favorable for
liquid phase adsorption of organic pollutants such as dyes in terms of adsorption
efficiency. The difference in adsorption capacity which is considered insignifi-
cant can be explained by the fact, the Rhodamine B adsorption does not only
depend on the large specific surface area of 1282 m*g™ obtained but also on the

surface functional groups present on both adsorbents.

0.120 +
0.100 + T T~ .
0.080 —+
g
)
£ 0.060 +
L /
=4
0.040 + ——PETAC
0.020 —+ —8— CS/PETAC Composite
0.000 < } } } |
0 5 10 15 20
time (min)

Figure 12. Graph of the effect of contact time on RhB removal onto PETAC and
CS/PETAC.
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4.3. Effect of Adsorbent Dose

The effect of the adsorbent dose on the RhB adsorption on PETAC and CS/PETAC
was investigated at initial pH of MB solution with initial concentration of 100
mg/L and adsorbent dose varied from 0.01 to 0.06 g and for contact time of 35
and 10 min for PETAC and CS/PETAC respectively. Figure 13 shows the RhB
adsorbed quantity versus the mass of synthesized adsorbents under the optimum
conditions. It is seen that, RhB adsorption decreases with an increase in adsor-
bent dose for both adsorbent. Similar results were observed by Bhat et al, 2017.
The rate of the decrease is more prominent at higher amounts of adsorbate con-
centration. Significant RhB adsorption is achieved for PETAC and CS/PETAC
adsorbent dose of 0.02 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 aggrega-
tion reducing the available specific surface area and the increased in the diffu-

sional path length [19].

4.4. Effect of Initial Concentration

The variation of the RhB initial concentration was carried out in the range of 50
to 100 mg/L at an initial pH of RhB solution of 2 with an adsorbent dose of 0.02
g and for a contact time of 10 min for PETAC and CS/PETAC respectively. Fig-
ure 14 exhibits the RhB adsorbed quantity for the two adsorbents. The results
showed that, as the initial concentration of RhB increases, the adsorbed quantity
per unit of adsorbent mass also increases. The adsorbed quantity increases from
48.528 to 98.213 mg/g for CS/PETAC, while it increases from 40.169 to 75.575
mg/g for PETAC. The increase of adsorbed quantity is mainly due to the in-

crease of effective collisions in solution between the RhB dye on the respective

0.210 T
0.190 +
0.170 +
0.150 +
= 0.130 +
i,
g 0.110 +
g 0.090
0.070 +
0.050 +
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0 0.02 0.04 0.06 0.08
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—0— CS/PETAC
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Figure 13. Graph of the effect of adsorbent dose on RhB removal onto PETAC and
CS/PETAC.
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Figure 14. Graph of the effect of initial concentration on RhB removal onto PETAC and
CS/PETAC.

adsorbents. This ineffective collision decreases the activation energy of the col-
liding particles hence the decrease in force helps to overcome the mass transfer
resistance between the aqueous and solid phases [19] [26]. This decrease in acti-
vation energy favors effective collision which favors adsorption of RhB adsorp-
tion onto the respective adsorbents. The maximum adsorption quantity of Rho-
damine B on PETAC and CS/PETAC are compared in Table 2.

5. Non-Linear Adsorption Isotherms and Kinetic Modeling
5.1. Isotherm Studies

The plots of the four RhB adsorption isotherms onto PETAC and CS/PETAC are
presented in Figure 15 and their calculated values parameters are reported in
Table 3. From Table 3, Langmuir and Tempkin isotherm could not explain the
RhB dye adsorption phenomenon onto PETAC because of their respective nega-
tive correlation coefficient (&) values. Freundlich isotherm was the most ap-
propriate to describe the RhB dye adsorption data suggesting a multilayer ad-
sorption process onto PETAC and CS/PETAC with their respective R* values
close to unity. For both two adsorbents, the high R values of the Freundlich
model were accredited by the goodness of fit of the non-linear isotherm func-
tions. This could be attributed to the coulombian interaction between adsorbent
surface functional groups with those of RhB dye. This result confirms why the
Freundlich model is the best to explain the adsorption process. Additionally, the
physical process is suitable for multilayer adsorption, unlike the Langmuir mod-

el which favors monolayer adsorption.

5.2. Kinetics Studies

The kinetic curves are shown in Figure 16 while their kinetic parameters are

DOI: 10.4236/msce.2023.1111006

95 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2023.1111006

G.Y.Borisetal.

Table 2. Comparative results of the adsorption of Rhodamine B onPETAC, and
CS/PETA) with other adsorbents.

. Quantity adsorbed
Materials . References
at equilibrium
Gelatin/activated carbon composite 256.41 me/ (56]
41 m

beads (GE/AC) &8
Zinc chloride/ferric chloride activation 371 mg/g [57]
Coconut Shell Activated 94.08 me/ (58]
Carbon/CoFe;04 Composite (CAC) ’ &8
WO3/Activated carbon composite (WO3/AC) 797.9 mg/g [59]
Polyethylene Terephthalate Activated

75.575 mg/g Present work
Carbon (PETAC)
Canarium schweinfurthii/Polyethylene

98.213 mg/g Present work

Terephthalate Activated Carbon (CS/PETAC)

Table 3. Summary of relative non-linear isotherm constants and their respective
determination coefficients (&%, RMSE and y*) for the RhB adsorption onto PETAC and

CS/PETAC composite.
Adsorbent
Models Parameters
PETAC CS/PETAC
Qnmg/g 21.248 1548.154
K 0.176 0.031
R 0.102 0.394
Langmuir
R -0.130 0.721
RMSE 7.254 10.868
e 9.545 27.479
Kr 1.249 1.000
I/n 0.926 1.000
Freundlich R 0.996 1.000
RMSE 0.355 0.002
X 0.050 2.502 x 1077
Kr 15361965.820 2.576
b 2574.230 47.134
Tempkin R —-0.056 0.656
RMSE 7.013 12.056
Ve 9.867 7.647
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Figure 15. Representation of the isotherm models plot for PETAC (a) and CS/PETAC (b).

gathered in Table 4.

From Table 4, the pseudo-first and pseudo-second-order kinetic models both
elucidate the RhB adsorption mechanism onto PETAC and CS/PETAC based on
their high correlation coefficient of unity and their experimental and theoretical
quantity adsorbed which are closer. This suggests that both chemisorption and
physisorption phenomena have a significant dominant effect on the RhB dye
adsorption process. This effect was also substantiated for their RMSE and §
values which were 0.015 and 0.002 for PETAC and 0.137 and 0.002 for
CS/PETAC respectively which of course are low, especially in the case of the
pseudo first-order kinetic model. In the case of the pseudo-second-order kinetic
model, the high correlation coefficient and low RMSE and y* values were 0.015
and 3.732 for PETAC and 0.091 and 0.001 for CS/PETAC respectively. This low

value also implies that the chemisorption phenomenon seems to be important.
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Figure 16. Representation of the kinetic models plot for PETAC (a) and CS/PETAC (b).

Furthermore, for both the two adsorbents, the Elovich model suggests by the ini-
tial adsorption speed constant rate (a) which is greater compared to the desorp-
tion coefficient (f) in PETAC and CS/PETAGC, it certifies that the RhB dye ad-
sorption process is governed by the chemisorption phenomenon. This model
was also substantiated by the relatively small RMSE and y* values. In addition,
the RhB dye adsorption mechanism in both cases could not be clearly elucidated
by the pore intra-particle pore diffusion model because of its low correlation
constant. However, in both cases, the thickness of the resistance barrier force (C)
being greater than unity clarifies the notion that the pore intra-particle diffusion
is not the rate-limiting step and reinforces the postulate that intra-particle diffu-
sion was not the only controlling step for RhB dye adsorption and the process is

also controlled by boundary layer diffusion [47].
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Table 4. Summary of the different relative non-linear kinetic constants and their
respective determination coefficients (R, RMSE and y*) for the adsorption of RhB dye

onto PETAC and CS/PETAC composite.

Adsorbent
Models
Parameters PETAC CS/PETAC
Q. (exp) 63.093 98.168
Q- (cal) 63.116 98.454
K 4.986 3.000
Pseudo-first-order
R 1.000 1.000
RMSE 0.015 0.137
X 0.002 0.002
Qe (cal) 63.116 98.857
K 2329.737 0.500
Pseudo-second-order R 1.000 1.000
RMSE 0.015 0.091
X 3.732 0.001
a 6..152 x 10% 425506.593
s 0.919 0.146
Elovich R 0.998 0.968
RMSE 0.819 5.123
X 0.119 3.160
Kia 5.211 8.152
C 32.045 49.867
Intraparticule diffusion R 0.809 0.209
RMSE 13.558 21.098
X 19.668 80.374

6. Conclusion

The preparation of two carbon materials (PETAC and CS/PETAC) has been
successfully achieved and the paper highlighted the key role of PET in the for-
mulation of a composite material and the application of both the two materials
on RhB dye removal in aqueous solution. The adsorption results obtained are
consistent with the fact that adsorption does not only depends on the large spe-
cific surface area but also on the surface functional groups present on the mate-
rials. The FT-IR spectra of CS/PETAC show a drastic modification in the differ-
ent surface functional groups and was confirmed by the SEM-EDS analysis
showing a high percentage of carbon in CS/PETAC. The N, adsorption-desor-
ption isotherm according to BET method shows the higher specific surface area,
pore volume and pore diameter for CS/PETAC compared to PETAC. This result
demonstrated the synergic addition effect of the PET during the structuration of
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the composite material. The strength of the pore capacity and surface functional
group of the prepared samples were unmasked on the retention of RhB dye from
aqueous solution. CS/PETAC did not only shows high value of specific surface
area but also demonstrated higher adsorption capacity than PETAC. The
amount of RhB dye uptake varied from 48.528 to 98.213 mg/g for CS/PETAC,
while it increased from 40.169 to 75.575 mg/g for PETAC. Additionally, the
quantity of RhB retained decreases as the initial dye concentration increases for
PETAC while that of CS/PETAC increases as the RhB dye initial concentration
increases. This was attributed to the consequence of restructuration of CS car-
bon matrix against PET during the carbonization and activation process. The re-
structuration and the increase in carbon content brought by PET material have
enhanced the composite adsorption process. The isotherm and kinetic modeling
of the experimental data using non-linear regression shows that, Freundlich iso-
therm model, pseudo-first and pseudo-second order kinetic model gave the best
fit to explain the adsorption equilibrium and mechanism on both the two ad-
sorbents. It was also found that the RhB dye adsorption mechanism was domi-
nant chemisorption with higher adsorption speed constant (a) of the Elovich

kinetic model.
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