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ABSTRACT

Background and Objective: Cocoa husk and Polyethylene terephthalate (PET) are solid wastes that need
to be sustainably managed. This study evaluated the effect and efficiency of Cocoa Ash alkali-polyethylene
terephthalate (CAPET) and KOH PET activated carbons (ACs) for removal of selected metals (Ca, Cr, Zn, Mn,
Cu and Fe) from cement factory wastewater. Materials and Methods: Scanning Electron Microscope
coupled with Energy Dispersive X-ray Spectrophotometer (SEM/EDX) and Fourier Transform Infrared
Spectrometer (FTIR) were used to characterize the ACs. Using ICP-OES, the initial and final concentrations
of metals present in wastewater were determined. Langmuir and Freundlich sorption isotherm models
were applied to determine metals’ interface with alkali-PET adsorbents. Results: The carbon yield of
alkali-PET (CAP and KOH PET) ACs were 81.4 and 91.1%, respectively. The EDX analysis of the ACs also
resulted in carbon having the highest composition. The results of the adsorption using CAPAC and KPAC
as adsorbents revealed that concentrations of some metals (Cr, Zn, Mn, Cu and Fe) were below detection
level (0.00 mg L") in both upstream and downstream wastewater samples, with the exception of Calcium
(Ca). This implies 100% adsorption efficiency for metals (Cr, Zn, Mn, Cu and Fe) and 95% for Ca. The
Freundlich adsorption isotherm fits the experimental data better than the Langmuir adsorption isotherm.
Conclusion: The study indicated that rather than polluting the environment, PET and cocoa husk might
be processed to act as low-cost, non-hazardous adsorbents for eliminating metal pollutants from
wastewater.
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INTRODUCTION

Globally, Industrial activities have been associated, among many other anthropogenic processes, as one
of the possible sources of hazardous metals in the environment'. In developing countries, a vast majority
of wastewater is released, either before or after traditional treatment, into the environment. As a result
of such poor wastewater treatment procedures, the organic load discharged into receiving waters is
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frequently quite high and chemically complex’. The Central Pollution Board lists the cement
business as one of the most polluting industries, with key pollutants such as noise, dust and wastewater
generation. Pollutants are released at every stage of the manufacturing process, including raw material
extraction, crushing, manufacture and so on. The elements content of soil and the physicochemical
parameters of receiving water bodies are altered by cement dust and wastewater’. It is also a major source
of particulate matter emissions such as SOx, NOx and CO,. Heavy metals such as chromium, nickel, cobalt,
lead and mercury are found in the dust and wastewater produced which are harmful to the environment
and have an impact on human and animal health. Carcinogenesis, poor antioxidant capacity, acute
respiratory symptoms and acute ventilatory effects have all been linked to cement wastewater in humans
and animals.

Due to their toxicity, persistence, accumulation and non-biodegradability, heavy metal contamination has
been a severe environmental concern. This contamination has risen in recent decades as a result of the
rising population, which has boosted consumption rates and accelerated industrialization, resulting in
increased production. Metals are released into the air, soil and water as a result of industrial processes®.
It has long been a goal to reduce their concentrations in industrial and municipal effluents before they
are released into the environment®. To avoid one of the major sources of water and soil pollution,
removing poisonous and damaging metal ions from industrial effluents, water supplies and mine fluids
is a serious task.

lon-exchange resins, adsorption, electrolytic or liquid extraction, electro-dialysis, chemical precipitation,
membrane filtration, biosorption and chelating resins have all been proposed as ways for removing heavy
metal ions from wastewaters®. Adsorbents play a critical role in the efficiency of an adsorption process.
Most modern adsorbents for the removal of heavy metal ions rely on interactions with functional groups
on the adsorbents’ surfaces and hence the functional groups have a significant impact on the adsorbents’
effectiveness, capacity and reusability®.

Activated carbon is one of the most often utilized adsorbents in the treatment of industrial effluents
because it can adsorb a large number and diversity of pollutants on its surface, concentrating and
eliminating them from the effluent. Wood, mineral carbon, coconut shell, animal bones and polymers such
as PET’ are the basic materials historically utilized in the industrial production of activated carbon. Due
to the high volume of solid waste produced, the discharge of PET waste poses a severe issue for waste
management solutions. Environmental restrictions have made it necessary to find suitable alternatives that
may be reused or recycled. Hence, this study seeks to develop adsorbents from Cocoa husk and PET which
are solid wastes that need to be sustainably managed to remove metals (particularly heavy metals) from
cement factory wastewater. The caustic alkali is made from cocoa pod husk, an agricultural solid waste,
is compared to the imported and expensive analytically graded KOH as an alternative chemical activation
agent in the production of PET-activated carbons.

MATERIALS AND METHODS

Sample collection and preparation of pet activated carbons

Study area: The study was carried out between 2020 and 2021 at the SWWECh laboratory, Institute of
Ecology and Environmental Studies, Obafemi Awolowo University, lle-Ife, Nigeria.

Sample collection: The cocoa husks for this study came from the Obafemi Awolowo University Teaching
and Research Farm, while the PET bottle waste came from waste bins in lle-Ife, Osun. The cocoa husks
were sun-dried, pulverized and sieved with less than 150-micron mesh size sieve to improve the surface
area for cocoa ash production’, while the PET bottle wastes were washed, air-dried and cut into very small
sizes®.
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Preparation of cocoa husk ash: To obtain ash, pulverized cocoa husk of a known weight (20 kg) was
placed in a weighted clean dried crucible and placed in a furnace (Carbolite 12/65 tube furnace, ESSEN
Germany) at 600°C for 8 hrs. In the open air, the crucibles containing the ash were allowed to cool to
ambient temperature. After cooling, the materials were placed in a desiccator’.

Preparation of caustic alkali from cocoa husk ash: Deionized water (1000 mL) was added to 190 g of
cocoa husk ash. The resulting mixture was manually stirred and shaken vigorously. It was then filtered with
a glass funnel and Whatman filter paper (No. 1) to obtain an alkali (filtrate) solution of described by
Maliki et al.”.

Activation of PETs utilizing alkali filtrate and analytical graded KOH: The method is as outlined by
Okoya et al® and Sabir et al’, The alkali obtained (106.37 g) from the filtrate was added to a PET weight
of 53.16 g at the ratio 2:1 in 1000 mL deionized water. Also, analytical graded KOH (106.3 g) was added
to 53.16 g PET weight at the same ratio in 1000 mL deionized water. Each of the mixtures was thoroughly
mixed manually and boiled gently over a magnetic stirrer with a hotplate (Stuart Scientific) operated at
the temperature of 85°C for 6 hrs at SWWECh Laboratory and Research Unit, Institute of Ecology and
Environmental Studies, Obafemi Awolowo University, lle-Ife, Osun State. It was then dried in a laboratory
drying oven (DHG-9030) at 110°C until total evaporation was achieved and stable weights were obtained.
The dried samples were then washed with 0.01M HCI to remove the unreacted alkali until neutral pH was
achieved. The samples were finally dried at room temperature.

Carbonization of the activated PETs: The activated PETs (CAP and KOH PET) were weighed and
carbonized in a muffle furnace (Carbolite 12/65 tube furnace, ESSEN Germany). The furnace’'s temperature
was set to 500°C and maintained for one hour. The crucibles containing the charred materials were
removed from the furnace after they had cooled. The carbon yield was calculated by weighing the cooled
charred materials and the operation was repeated three times. The percentage carbon yield was calculated
utilizing Eq. 1:

Weight of char

Yield (%)= ———————
leld (%) Weight of meterial M

The charred materials referred to as PET activated carbons were further ground into powder utilizing agate
mortar and pestle, sieved (<150 ps) and characterized’.

Characterization of the activated carbons: The dry combustion technique was used to assess the surface
morphological features and elemental composition of the ACs using a scanning electron microscope and
an energy-dispersive X-ray analyzer (high-resolution SEM/EDX, JOEL-JSM 7600F). The Fourier transform
infrared (SHIMADZU-FTIR-8400S) approach was used to determine the structural chemical functional
groups in the ACs. The activated carbons’ pH and ash content were also assessed.

Preparation of samples for SEM/EDX analysis: The methods were detailed as in Okoya et al."’, using
a double-sticky carbon tape, the alkali PETs (CAP and KOH) ACs samples were adhered to an aluminum
frame stub. Carbon was used to insulate the samples, which were then electrically grounded. Similarly,
silver paint was used to ground the samples electrically. The samples were then dried thoroughly in a
drying oven at 60°C for 3 hrs. The SEM machine was turned on once the samples were placed into the
frame. The samples were then placed in a relatively high-pressure chamber with a short working distance
and a differentially pumped electron optical column to keep the vacuum at the electron cannon low
enough. After then, the footage was obtained. After that, the energy dispersive X-ray acceleration voltage
was set to 20 kV with a working distance of 14 mm, the detector was rotated to 45 mm, the samples were
focused and the X-ray spectrum was collected and recorded.
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Preparation of samples for FTIR analysis: The FTIR KBr technique was used to examine the alkali PET
ACs samples. Using a micro spatula, a very small amount of the sample (approximately 1/8") was taken
and 0.25 to 0.50 teaspoons of KBr were completely mixed in a mortar while being ground with a pestle.
The KBr-sample mixture was pelletized, fixed into a sample container connected to a recording device and
analyzed.

Determination of pH of the adsorbents: The pH was determined using a HI9812-5 portable pH/EC/TDS
temperature meter. In a 200 mL beaker, the activated PET carbons (2.0 g) were weighed, 100 mL deionized
water was added and the mixture was gently boiled for 10 min. The solution was cooled at room
temperature. Finally, it was gently stirred for a few minutes and the pH was determined immediately'®"".

Determination of ash content of the adsorbents: The ash content was determined by weighing 20 g
of the alkali PET ACs. The ACs were burned for 4 hrs in a muffle furnace at 500°C. It was then weighed after
cooling in a desiccator. Equation (2) for determining ash content is presented':

Weight of ash (g)

Weight of ash (%) = — - -
Initial weight of activated carbon (g)

100 2)

Sampling and sample preparation of industrial effluent: The industrial effluent sample was collected
from the discharge point, upstream and downstream in triplicate from the three sampling points. A
homogeneous mixture of the discharge point wastewater sample was made by mixing an equal proportion
of the wastewater sample, also the upstream and downstream wastewater samples were homogenized
separately following the same procedure. To prevent heavy metal precipitation, the industrial wastewater
samples were treated with 2 mL nitric acid (HNO,)"*"™. Using inductively coupled plasma optical emission
spectroscopy, the metal content of wastewater samples was evaluated both before and after adsorption
(ICP-OES).

Digestion of heavy metals in industrial effluent: To the acidified industrial effluent sample 50 mL, 5 mL
of 65% HNO, was added and the mixture was boiled gently utilizing a magnetic stirrer with a hotplate
(Stuart Scientific) operated at the temperature of 85°C until complete digestion (when a clear solution is
obtained)™. Using an inductively coupled Plasma Optical Emission Spectrophotometer (ICP-OES Agilent
720, Santa Clara, California, United States), the metal content of the digested industrial effluent was
assessed.

Batch adsorption experiment of simulated wastewater: The method outlined in Okoya et al." and
Bhatti et al.'® was used to investigate batch adsorption tests. Metal-contaminated water (Ca, Cr, Zn, Mn,
Cu and Fe) was replicated in the lab by making a separate stock solution for each metal and diluting it into
various quantities (0.01, 0.20, 5, 10, 15 and 20 mg L™"). Batch adsorption tests were conducted using 0.25,
0.5, 0.75 and 1.0 g of alkali PET (CAP and KOH) ACs as the adsorbent. Each simulated solution of metals
(10 mL) polluted water was placed in a separate conical flask and subjected to constant shaking with an
orbital shaker (Celtech KJ-201BD) set to 120 osc/min. For effective adsorption, the initial metal
concentrations, pH, contact time and sorbent dosage were tuned. Following the batch adsorptions,
Whatman filter paper was used to filter the samples (No. 1). The metal concentrations in the filtrates
containing residual concentrations of the metals (Ca, Cr, Zn, Mn, Cu and Fe) were evaluated using the
Inductively Coupled Plasma Optical Emission Spectroscopic method (ICP-OES) Agilent 720.

Statistical analysis: One-way analysis of variance was used to analyze the data (ANOVA). The distribution
of one factor among numerous independent groups or means was investigated using one-way ANOVA

atp = 0.05.
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Adsorption efficiency: The amount of metals (Ca, Cr, Zn, Mn, Cu and Fe) adsorbed by a unit mass of the
adsorbents (CAP and KOH PET ACs) and the percentages of metals (adsorption efficiency percent)
adsorbed were determined for each adsorption procedure and were computed using the Eq. (3)%'":

Adsorption efficeincy (%) = %xmo 3)

0

Where:
C, = Initial concentration before adsorption
C, = Final concentration of a metal solution (mg L™") in the filtrate after adsorption

RESULTS AND DISCUSSION

Collection of samples and preparation of cocoa husk alkaline solution: The PET was found littering
the environment as wastes and some were found blocking waterways and these were collected at no extra
cost apart from transporting them to the laboratory. Also, no extra cost was involved in the collection of
cocoa husk apart from transporting same to the laboratory. This indicates that these solid wastes are a
nuisance to the environment and that they must be processed into valuable products such as adsorbents
for water and wastewater treatment. The cocoa husk powder 20 kg produced 2.03 kg of ash and the
produced ash gave alkali filtrate when mixed with water. This is in agreement with the earlier report of
Maliki et al.” in which cocoa husk was produced ash and the resulting solution was alkaline in nature.

Characterization of alkali-PET ACs: Results of the investigation of the carbon yield, pH and ash contents
of alkali-PET ACs (CAP and KOH PET) were shown in Table 1. A high percentage carbon yield was obtained
for both CAP and KOH PET ACs (81.4+0.141 and 91.1+£0.141, respectively). The PET appears to be a
promising material to use as a precursor in the synthesis of ACs because of its high carbon and hydrogen
content and low nitrogen, sulfur and ash content'®. With the proven fact that high carbon yield indicates
effective adsorbent’®", high carbon yield combined with low ash content encourages superior pore
structure characteristics. Similarly, the pH (6.8+0.00 and 6.7+0.141) which is very close to neutral coupled
with the high carbon yield and low ash content is a reflection that the preparation method has a
remarkable and significant influence on the mass and quality of the final product.

Surface morphology of the alkali (CAP and KOH PET) ACs before and after adsorption experiment:
Surface properties and physical morphologies of the ACs by the scanning electron microscopy technique
(SEM) were shown in Fig 1. The SEM is a vital instrument for determining the adsorbent surface shape and
fundamental physical properties®. Figure 1a-b depicts the surface morphology prior to the adsorption
processes shown in Fig. 1a-b, whereas Fig. 1c-d, depict the alkali ACs (adsorbent) surface morphology
after the adsorption processes, as shown in Fig. 1c-d. It was observed that Fig. 1a-b, showed pore
structure. However, following adsorption with the effluent, upstream and downstream samples, the pores
displayed by the adsorbents have reduced drastically as shown in Fig. 1c-d, which may be a result of heavy
metals blockage indicating that adsorption had occurred'?".

Elemental composition of the activated carbons before and after adsorption: The elemental
composition of the alkali-PET ACs was determined both before and after adsorption using a scanning
electron microscope coupled with an energy-dispersive X-ray analyzer (SEM/EDX) (Table 2). For CAP and
KOH PET ACs, the result demonstrated that carbon has the maximum percentage (55 and 60%,
respectively) before adsorption while 70.09, 65.27 and 40.27% and 60.25, 70.00 and 43.20% for affluent,
upstream and downstream wastewater after adsorption/treatment with CAP and KOH PET ACs,
respectively of all the elements present and this makes the alkali-PET ACs (CAP and KOH PET) suitable for
adsorption'?. The use of oxygen to oxidize the organic components present could be linked to the
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Fig. 1(a-d): Scanning electron micrograph of (a) CAP, (b) KOH-PET ACs before adsorption, (c) CAP and
(d) KOH-PET ACs after adsorption

Table 1: Char yield and physicochemical parameters of CAP and KOH-PET activated carbon

Materials Parameter SD (%)

CAP Carbon yield 81.4+0.141
pH 06.8+0.000
Ash content 02.6+0.000

KOH-PET Carbon yield 91.1+£0.141
pH 06.7+0.141
Ash content 01.5+0.000

*SD: Standard deviation *, CAP: Caustic alkali PET activated carbon and KOH-PET: KOH PET activated carbon

Table 2: Elemental composition of the adsorbents (CPAC and KPAC)

Before adsorption (%) After adsorption (%)

Elements CPAC KPAC EW (CPAC) EW (KPAC) USW (CPAC) USW (KPAC) DSW (CPAC) DSW (KPAC)
C 55 60 70.09 60.25 65.27 70.00 40.27 43.20

O 20 30 15.66 15.50 10.48 09.27 10.48 10.36

H - - 10.85 15.65 20.35 15.55 08.35 11.07

S 25 10 03.40 08.60 03.90 03.70 04.20 02.97

Fe - - - - - 01.48 - -

Ca - - - - - - 12.20 07.40

Si - - - - - - 25.30 25.00

CPAC: Cocoa-PET activated carbon, KPAC: KOH-PET activated carbon, EW: Effluent wastewater, USW: Upstream wastewater and
DSW: Downstream wastewater

strategic decrease in the percentage of oxygen (O) in the adsorbent after the adsorption process.
Furthermore, the presence of hydrogen (H), iron (Fe), calcium (Ca) and silicon (Si) in the adsorbents
upstream and downstream following the adsorption process could indicate that alkali ACs are similarly
effective in removing these elements from wastewater samples (Table 2).

Functional groups of the alkali (CAP and KOH PET) ACs: Using Fourier transform-infrared spectroscopy
(SHIMADZU-FTIR-8400S), the functional groups of the alkali-PET ACs (CAP and KOH ACs) were
determined. The functional groups present in the CAP and KOH PET ACs were shown in Fig. 2a-b. Each
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Fig. 2(a-b): FTIR Spectrum of (a) CAP and (b) KOH-PET activated carbon

of the FTIR bands reflects a functional group that facilitates and supports adsorption. The Hydroxy!
(3456.55 and 3066.92 cm™"), Aldehyde (2750.58 and 2359.02 cm™"), Aromatic (1957.81 and 1570.11 cm™),
Carbonyl (1504.532 and 1440.87 cm~"), Carbonate ester (1390.72 and 1313.57 cm™"), Alkene (1093.67 and
976.01 cm™"), Ester (893.07 and 698.25 cm™") and Alkynes group (617.24 and 445.57 cm~") functional
groups are found in CAPAC while in the KOH PET AC are Hydroxyl (3437.26 and 3026.41 cm~"), Methoxy
(2332.02 cm™"), Aromatic (1938.52 cm™"), Carbonyl (1707 and 1575.89 cm™"), Ether (1440.87 cm~" and
1388.79 cm™"), Alkanes(1240.27 and 1107.18 cm™"), Alkene (1004.95 and 881.50 cm™"), Ester (823.63 and
619.17 cm~") and Ether (505.37 and 418.57 cm™").

Heavy metal content of cement industry wastewater samples before adsorption: The wastewater
samples’ metal content was examined before the adsorption experiment to assess the range of metal
pollutants. For the batch adsorption simulation investigation, all metals (Cr, Zn, Mn, Cu and Fe) that were
above the NESREA standard limits (Table 3) were chosen.

Batch adsorption studies on simulated metal solutions utilizing alkali-Pet ACs as adsorbent: The
effectiveness of alkali-PET ACs (CPAC and KPAC) as adsorbents for metals (Ca, Cr, Zn, Mn, Cu and Fe)
adsorption was examined. Using the adsorbents, the effects of starting metal concentrations, pH,
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Fig. 3(a-b): Effect of initial metal concentration on metal adsorption from simulated wastewater with
adsorbents (a) CPAC and (b) KPAC

adsorbent dosage and contact time on adsorption were investigated. The following are the results of the
effects of each of the parameters.

Effect of initial metal concentrations on the adsorption of Ca, Cr, Zn, Mn, Cu and Fe in simulated
experiment: The findings of using CPAC and KPAC to investigate the adsorption of Ca, Cr, Zn, Mn, Cu and
Fe with varying initial metal concentrations (0.01, 0.2, 5, 10, 15 and 20 mg L™") were presented in Fig. 3a-b.
while other conditions were kept constant. The percentage removal efficiencies obtained decreased with
an increase in initial metal concentrations for CPAC and KPAC, respectively. The highest adsorption
efficiency was observed at concentrations of 0.01 and 0.20 mg L™' (Ca, Cr, Zn, Mn, Cu and Fe) while for
both CPAC and KPAC, the lowest adsorption efficiency was found at 5 mg L~". The same pattern was
observed by Alwaan and Jaleel®. This trend can be explained in terms of the principle that once the
surface of the adsorbent is nearly clogged with adsorbates, a second mechanism of intra-particle diffusion
will be activated, inducing more adsorption but at a much slower and time-consuming rate because the
reaction takes place inside the carbon matrix*.

Effect of pH on the adsorption of Ca, Cr, Zn, Mn, Cu and Fe in simulated experiment: The pH of an
aqueous solution is an essential operational parameter in the adsorption process because it has the ability
to alter the adsorption modifier of ionized compounds™. Figure 4a-b showed the findings of the
examination of the adsorption of Ca, Cr, Zn, Mn, Cu and Fe using CPAC and KPAC at different pH (2, 4, 8,
10 and 12), while all other variables were held constant. The results revealed that adsorption was favorable
at both acidic (pH 2 and 4) and alkali (pH 8, 10 and 12) mediums. It can be emphasized that low pH
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Fig. 4(a-b): Effect of pH on adsorption of selected metals utilizing (a) CAP and (b) KOH PET ACs as
adsorbent

(acidic) encourages the solubility of heavy metals. Higher (alkaline) and lower (acidic) pH values favour
adsorption efficiency, this is consistent with the findings of Velasquez and Dussan®, Lukman et al.** and
Zhang et al?’ on the effects of pH on heavy metal adsorption. This could be because of the adsorbent'’s
hydroxyl bonds. According to Zhang et al.”’, when the amount of the basic functional group of activated
carbon increases, the hydrophilicity improves and the water vapor in the lower relative pressure range also
increases. Therefore, it was revealed that a considerable reduction of metal (Ca, Zn, Cr, Mn, Cu and Fe)
concentration is obtained in the pH range of 2 and 12, but with a slight reduction in efficiency for Zn at
acidic pH (pH of 2) for both adsorbents.

Effect of contact time on Ca, Cr, Zn, Mn, Cu and Fe adsorption in a simulated experiment:
Figure 5a-b showed the results of a study on the adsorption of metals (Ca, Cr, Zn, Mn, Cu and Fe) on CPAC
and KPAC with different contact times (15, 30, 45 and 60 min), while other variables (pH, adsorbent dosage
and concentration) were constant. The adsorption effectiveness rose as the contact period increased. The
efficiency initially increased (Fig. 5a-b) and then progressively stayed constant as the contact time
increased. In light of this, a contact period of 15 min is regarded as the equilibrium time with Ca (100%),
Zn (99.70%), Cr (80.15%), Mn (99.90%), Cu (99.80%), Fe (99.95%) for CPAC and Ca (95.19%), Zn (95.57%),
Cr (81.79%), Mn (99.34%), Cu (99.64%), Fe (100%) for KPAC. These findings could be explained by the
presence of a significant number of unoccupied sites on the adsorbent’s surface at the start. These results
could be explained by the presence of a significant number of unoccupied sites on the adsorbent’s surface
at the start. The adsorption rate is rapid thereby increasing the amount of adsorbates adhering to the
carbon surface majorly within 15 min of adsorption. This finding is consistent with the findings of
Sugashini and Gopalakrishnan®®, who investigated the performance of protonated cross-linked chitosan
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Fig. 5(a-b): Effect of contact time on adsorption of selected metals utilizing (a) CPAC and (b) KPAC as
adsorbent

beads (PCCB) for chromium removal and Alwaan and Jaleel®, who investigated the production of
high-quality activated carbon from PET bottle waste.

Effect of sorbent dosage on the adsorption of ca, cr, zn, mn, cu and fe in simulated experiment:
Adsorbent dosage is a parameter used to determine an adsorbent's ability to bind heavy metals at
a given initial concentration. Figure 6a-b. showed the results of varying sorbent doses for the adsorption
of heavy metals (Ca, Zn, Cr, Mn, Cu and Fe) using CPAC and KPAC as adsorbents, while all other
parameters were maintained constant. The influence of sorbent dosages on Ca, Zn, Cr, Mn, Cu and Fe
removal efficiency demonstrated that adsorption was efficient even at a minimum sorbent dosage
of 0.25 g of CPAC and KPAC, achieving their equilibrium removal efficiency. However, from an economic
standpoint, this means that for this study, 0.25 g of adsorbent was regarded as the optimal dosage for
CAP and KOH PET ACs.

Adsorption study on industrial wastewater: Adsorption experiments on wastewater samples using the
optimum value obtained from a simulation experiment using CPAC and KPAC as adsorbents revealed that
metal concentrations (Cr, Zn, Mn, Cu and Fe) were below the detection level (0.00 mg L"), with the
exception of Calcium (Ca), which was higher (0.9 mg L™") than the acceptable limit (0.5 mg L") in the
effluent, upstream and downstream (Table 3). This implies 100% adsorption efficiency for metals (Cr, Zn,
Mn, Cu and Fe) and 95% for Ca. The result indicated that CPAC and KPAC demonstrated excellent
results for the adsorption of metals. The results of the adsorption experiment of Zn, Cr, Mn, Cu and Fe in
effluents, upstream and downstream wastewater samples were below detection limits (0.00 mg L"), while
Ca reduced drastically to 0.968, 0.881 and 0.675 mg L~" with CPAC and 0.932, 0.9096 and 0.771 mg L™’
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Fig. 6(a-b): Effect of adsorbent dosage on adsorption of selected metals utilizing (a) CPAC and (b) KPAC
as adsorbent

with KPAC, respectively. Other metals present in the effluent, such as K, V, Hg, Ti, Ta and Ag, showed a
decline in concentrations following adsorption, despite the fact that they were initially below their allowed
limits. This shows the feasibility of the adsorbents in the adsorption of the heavy metals of interest (Cr, Zn,
Mn, Cu and Fe), as well as other elements present in the wastewater samples vying for adsorption sites
with the adsorbents. According to de Castro et al.’®, ACs made of Polyethylene terephthalate (PET)
eliminated a higher percentage of heavy metals from both industrial effluent and domestic waters. This
result also showed that activated carbon made from PET is a good adsorbent for removing metals from
wastewater, just like agriculturally based activated carbon, as reported by many researchers, including
Bernard et al.*’, who worked on heavy metals removal from industrial wastewater using activated carbon
made from coconut shell. According to the findings, activated carbon made from coconut shells is an
effective adsorbent for removing lead, iron, copper and zinc ions. Table 3 showed that following the
adsorption, the concentrations of all metals in the upstream, effluent and downstream samples were
reduced. This confirms the suitability for the adsorption of metals of the alkaline PET ACs (sorbents) used.
It will be good to put on record that the relatively low Ca concentration in the effluent compared to the
upstream and downstream (Table 3) could be due to the cumulative effect of Ca in the stream
environment, Ca being a major metal pollutant in a cement industry environment. Except for Ca, all the
selected metals under study fall within the NESREA standard limits after the adsorption experiment
(Table 3). However, the percentage reduction of Ca was also remarkable.

In this investigation, the removal efficiencies of both CPAC and KPAC were shown to be competitive,
resulting in an outstanding efficiency for the removal of heavy metals (Ca, Zn, Cr, Mn, Cu and Fe). This
demonstrates that alkaline extract from cocoa husk may activate carbon-based materials as well good as
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Table 3: Heavy metal contents of wastewater samples before and after adsorption
After adsorption (Concentration mg L™")

Before adsorption (Concentration mg L") CAPAC KPAC

Metals EFF UPS DWS EFF UPS DWS EFF UPS DWS
Ca 48.9430 61.9145 66.0512 0.932 0.9684 0.9096 0.8808 0.7710  0.6749
Mn 0.03270 0.0330 0.0192 BDL BDL BDL BDL BDL BDL
Cu 0.01980 0.0247 0.0197 BDL BDL BDL BDL BDL BDL
Cr 0.01120 0.0175 0.0180 BDL BDL BDL BDL BDL BDL
Cd 0.00060 - - BDL BDL BDL BDL BDL BDL
Zn 0.06430 0.0594 0.0430 BDL BDL BDL BDL BDL BDL
Na 11.7382 11.8053 12.6143 BDL BDL BDL BDL BDL BDL
Fe 0.1889 0.1649 0.01357 BDL BDL BDL BDL BDL BDL
Mg 0.64200 0.2096 0.2337 BDL 0.0004 0.0000 0.0001 0.00017 0.000172
K 4.63530 5.3708 5.7602 BDL BDL BDL BDL BDL BDL

\ 0.0130 0.0123 0.0142 BDL BDL BDL BDL BDL BDL
Hg 0.0866 0.0868 0.0833 BDL BDL BDL BDL BDL BDL

Ti 0.0049 0.0012 0.0012 BDL BDL BDL BDL BDL BDL
Ta - - 0.0004 BDL BDL BDL BDL BDL BDL

S 0.0572 0.2167 0.2691 BDL BDL BDL BDL BDL BDL

Si 5.9970 6.2037 7.2649 BDL BDL BDL BDL BDL BDL

P 0.1989 0.0075 - BDL BDL BDL BDL BDL BDL
Nb 0.0007 0.0006 0.0006 0.000337  0.0009 0.000036 0.000169 BDL 0.000476
B 0.0159 0.0095 0.0082 BDL BDL BDL BDL BDL BDL
Sr 0.1809 0.2409 0.2484 0.003 0.0003 0.0034 0.0031 0.0011 0.0009
In 11.7382 0.0000 0.0032 BDL BDL BDL BDL BDL BDL

Li 0.0029 0.0043 0.0040 0.00008 BDL 0.000108 BDL BDL BDL
Ba 0.1905 0.1549 0.1531 0.048 0.042 0.0532 0.0414 0.0375  0.0402
Ru 0.0020 0.0053 0.0051 BDL BDL BDL BDL BDL BDL
Pd 0.0013 - 0.0009 BDL BDL BDL BDL BDL BDL

U 0.0066 0.0075 0.0128 BDL BDL BDL BDL BDL BDL
Tm 0.0004 0.0002 0.0001 0.00046 0.000244  0.000112 0.0000268 0.000137 0.000120
Sc 0.0001 - 0.0001 BDL BDL BDL BDL BDL BDL
Lu - 0.0000 0.0002 BDL BDL BDL BDL BDL BDL
La 0.0097 0.0105 0.0112 BDL BDL BDL BDL BDL BDL
Eu 0.0013 0.0006 0.0007 BDL BDL BDL BDL BDL BDL
Ce 0.0077 0.0069 0.0126 BDL BDL BDL BDL BDL BDL
Ag 0.0002 - - BDL BDL BDL BDL BDL BDL

CPAC: Cocoa-PET activated carbon, KPAC: KOH-PET activated carbon, BDL: Below detection limit, EFF: Effluent, UPS: Upstream,
DWS: Downstream and Bold: Metals that are of concern due to their high concentrations

Table 4: Langmuir and freundlich constants for the adsorption of metals Ca, Cr, Zn, Mn, Cu, Fe utilizing CPAC and KPAC

Langmuir constants Freundlich constants
Adsorbents 9. (Mg/g) k, (L/mg) R? I/n k; (mg/gL/mg)"" R?
CPAC
Calcium 20.161 0.000 -0.607 0.0911 1.00 0.7878
Chromium 10.977 0.000 0.4528 0.6909 1.00 0.6392
Zinc 21.650 0.000 -0.283 13077 1.00 0.7846
Manganese 0.0014 0.000 -1.715 1.0859 1.00 0.5513
Copper 0.0034 1.000 0.0221 0.2100 1.00 -9.568
Iron 8x10° 0.000 -0.096 0.8598 1.00 -2E+15
KPAC
Calcium 23.041 0.001 0.4667 0.1020 1.00 0.6935
Chromium 9.804 0.000 0.5623 0.6998 1.00 0.6539
Zinc 0.0456 0.000 -0.578 13077 1.00 0.7846
Manganese 0.007 0.000 -1.202 1.1520 1.00 0.8568
Copper 0.0003 0.000 -1.260 1.0300 1.00 -0.331
Iron 0.0026 0.000 -0.955 0.8969 1.00 0.6923

R? Correlation coefficient, CPAC: Cocoa-PET activated carbon and KPAC: KOH-PET activated carbon
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more expensive imported analytically graded KOH for the synthesis of activated carbon for adsorption.
This agrees with the work of Maliki et al.” in which the alkaline extract from cocoa husk was used in
hydrolysis and esterification reactions.

Adsorption isotherms: Table 4 showed the outcomes of the sorption ability of CPAC and KPAC using
the adsorption isotherms of the Ca, Zn, Cr, Mn, Cu and Fe sorption systems. The coefficients of these
isotherms (Langmuir and Freundlich) were also presented in Table 4. The correlation coefficient R* was
higher in Freundlich isotherm than Langmuir isotherm. This suggests that the adsorption process works
better with Freundlich isotherms than with Langmuir isotherms. Although some of the isotherms showed
negative values for both isotherms. Both adsorbents exhibit high adsorption capacity (mg g~') for calcium
and chromium while CPAC revealed better adsorption capacity towards Zinc compared to KPAC.

CONCLUSION

The PET can be employed as a precursor for the manufacture of activated carbon, with alkaline filtrate
from cocoa husk serving as the activating agent, according to the findings. The activated carbon formed
could be used to remove metals from wastewater as an adsorbent. For Ca, Zn, Cr, Mn, Cu and Fe, the best
adsorption conditions are 0.01 and 0.20 mg L~ initial metal concentration, pH 10 and 12, 15 min contact
duration and 0.25 g adsorbent dose, respectively. According to Langmuir and Freundlich adsorption
isotherm models, CPAC and KPAC are effective for this adsorption. The PET and cocoa husk will then not
be a nuisance to the environment but the solid waste generated, managed and processed into useful
products. To enhance the national economy, small-scale business investors should prioritize bulk
manufacture of activated carbon from polyethylene terephthalate and alkali extract from the cocoa husk.
Further research is encouraged to be carried out on the use of these adsorbents in the treatment of
surface and other contaminated water.

SIGNIFICANCE STATEMENT

The management and cleanup of the environment face significant challenges due to wastewater
treatment. The methods that are available are time-consuming, expensive and unsustainable. Polyethylene
terephthalate was suggested as an alternative due to the need to develop less time-consuming,
environmentally friendly technologies, but its effectiveness in cleaning wastewater from cement factories
has not been established, hence this study.
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