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ABSTRACT

Efficient production of activated carbon (AC) depends on variables
such as feedstock properties, preparation conditions, and activating
agents. This study aimed to identify optimal conditions for AC
production from African Oil Bean (Pentaclethra macrophylla) Pods
(PMps) using potassium hydroxide (KOH) and phosphoric acid
(HsPO4) as activating agents. Through a systematic iodine
adsorption characterization approach and leveraging Response
Surface Methodology as a chemometric tool, the study fine-tuned
chemical activation and carbonization parameters (temperature,
time, and impregnation ratio) for producing PMACs. The
adjustments directly impacted the iodine number (In) and yields (Cy)
of the PMACs (PMAC-KOHop and PMAC-H3POuqp). The predicted
In and Cy values closely aligned with the observed values — (PMAC-
KOHop: 918.58 mg/g predicted vs. 916.56 mg/g observed; PMAC-
H3POuop: 593.44 mg/g predicted vs. 592.88 mg/g observed) and
(PMAC-KOHop: 39.60% predicted vs. 39.15% observed; PMAC-
H3POuop: 51.30% predicted vs. 51.10% observed), demonstrating
precision of the production process. Key structural properties,
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including BET specific surface areas (SSA), total pore volumes (V4),
and average pore diameters, exhibited notable differences between
the PMAC-KOHop and PMAC-H3POsop, with the former
demonstrating superiority. Particularly, FTIR spectra highlighted
higher aromaticity in PMAC-KOHop, revealing the preference for
KOH over H3POs4 in the chemical activation of PMps. The high In
achieved with the PMAC-KOHop indicated its efficacy as a pollutant
adsorbent, aligning with the established attributes of commercial
granular activated carbons for pollutants removal from wastewater.
This study establishes PMps as a dependable AC precursor,
emphasizing the advantages of KOH over H3POs4 in chemical
activation. Future research should be directed at investigating
PMAC-KOHop adsorption capabilities for diverse pollutants and
exploring PMps' potential contributions to metallic or
nanocomposite formations with other adsorbents.

Keywords: Activated carbons; Adsorbent; Chemical activation;
Chemometric tool; lodine number; Pentaclethra macrophylla Pods
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Properties of the PMAC-KOH,,,

BET Surface Area (SSA) = 911. 70 m?/g
Total pore volume (V) =1.24 em’/g
Pore diameter = 5.54 nm

Properties of the PMAC -H3POyq,
BET Surface Area (SSA) = 527.59 m%g
Total pore volume (Vy) =1.09 em’/g
>\ Pore diameter = 5.98 nm

Time: 120 and
112 gmins

Optimum Operating Concitions

" Validation

Highlights
o KOH and HsPOs were utilised as activators to produce
PMACs with iodine adsorption characterization.

o Over 68% of the volatile matter and 74% of moisture in the
PMps were burnt off during carbonization.

o The ACs demonstrated graphitic features but their properties
differ from each other.
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o Both ACs produced were of the mesoporous average pore
diameter range-2=PMACs=<50 nm.

o The PMAC-KOHqp has superior properties with 916.56 mg/g
Inand 911.70m2/g BET SSA area.

INTRODUCTION

Activated carbon (AC) is a porous material synthesized from
carbonaceous feedstock through an activation process, resulting in
the creation of minuscule gaps between the carbon atoms
(Ravichandran et al., 2018). Alternatively, some perspectives
defined AC as a category of carbon-based material without a
specific structural formula or chemical analysis (Ngueabouo et al.,
2022). Regardless of the definition, activated carbons (ACs)
generally exhibit superior porosity and extensive interparticle
surface area, making them highly sought after for various industrial
applications (Vunain et al., 2021). Their exceptional adsorptive
capacity, mostly based on such characteristics as large specific
surface area, superior porosity, structural stability, and surface
functional groups (Xu et al., 2023), positions them as the most
utilized adsorbents for tasks ranging from energy storage to
removal of organic and inorganic chemical pollutants in both liquid
and gaseous phases. Conventionally, most commercial activated
carbons are synthesized from non-renewable sources like
petroleum, coal, coke, peat, and refinery residues (Ravichandran et
al., 2018; Zielinski et al., 2022), which are contributing to concerns
about their high costs and dwindling reserves. This situation is
particularly pronounced in developing countries. To address these
challenges, there is a growing emphasis on exploring low-cost,
carbon-rich materials that can serve as alternatives for producing
high-performing activated carbons. This pursuit aims to mitigate the
limitations associated with conventional precursors and foster
sustainable practices in activated carbon production (Ajaelu et al.,
2022; Nindjio et al., 2022).

The production of AC is influenced by three categories of factors,
namely, the feedstock properties, the preparation conditions, and
the activating agents used (Kwiatkowski and Broniek, 2017; Li et
al., 2017). Generally, activated carbons may be produced by
physical activation method, which involves carbonization and
activation of the feedstock in two steps, with gases such as COz,
02, or steam serving as the activating agent (Ogungbenro et al.,
2017; Yang et al., 2010); or by chemical activation method, which
transforms cellulose structures into carbonaceous material through
simultaneous dehydration and carbonization, with strong base,
acid, or salt serving as the activating agent (Jaria et al., 2019;
Yorgun and Yildiz, 2015); or by combined physical and chemical
activation method, or by microwave-assisted activation method (Ao
et al., 2018; Lam et al., 2017; Liew et al., 2018). The chemical
activation method offers the advantage of allowing the production
of activated carbons of higher qualities at lower cost due to its lower
energy requirement to generate the needed activation temperature,
typically ranging from 400 to 700°C (Loredo-Cancino et al., 2013).
This method is, however, beset with the challenge of selecting the
most appropriate operating conditions required to produce ACs of
desired qualities. Lower or excessive utilization of the operating
conditions for chemical activation of the precursor during AC
production have several implications. For instance, excessive
activation temperature may result in the widening of micropores.
While micropores are desirable for adsorption, too much widening
can affect the specific adsorption properties of the AC (Yashim et
al., 2016). High temperatures can also lead to burn-off, reducing the
AC mass, potentially affecting the final product's properties (Yashim

et al., 2016). An increase in impregnation ratio, particularly with
activating agents like KOH or H3POs, can result in a gradual
decrease in the yield of AC (Zakaria et al., 2021). The impregnation
ratio significantly influences the development of pores in AC, with
higher ratios enhancing pore development but potentially causing
pores to collapse and impacting porosity (Putranto et al., 2022).
Depending on the content, stability, presence of heteroatoms, and
functional groups within the precursor, ACs of different
characteristics can be produced (Ekpete ef al., 2017; Hidayu and
Muda, 2016; Shamsuddin et al., 2016). Several agroforestry
residues have been explored for their potential as AC precursors.
But the quality of the ACs finally produced from most agroforestry
residues depends heavily on the activation process and adsorption
method applied (Zakaria et al., 2021).

lodine adsorption plays a crucial role in the production of ACs,
influencing their properties and applications. lodine adsorption is
integral to the characterization of ACs, with the iodine number
being a widely recognized parameter for the rapid assessment of
AC quality (Benadjemia et al., 2011). It represents the amount (in
milligram) of iodine adsorbed per gram of the carbon at is surface,
reflecting its porosity and adsorption capacity. This metric is known
for its simplicity, as it provides a quick estimate of surface area and
porosity, encapsulating the two-dimensional area of a carbon's
surface and its pore size distribution (Stoycheva et al., 2023). Most
high-quality ACs are characterized by iodine number equal to or
exceeding 900 mg/g (Benadjemia et al., 2011). Studies on the
adsorption of iodine from various solutions and vapor provide
insights into the structural properties of ACs (Kurisingal et al., 2023;
Zhao et al., 2023). Activated carbons are utilized in the recovery of
iodine from dilute solutions, demonstrating their efficient adsorption
capabilities (Bade et al., 2022). The iodine value of AC can vary
based on the production method. Different chemical activations
lead to diverse iodine values, influencing the suitability of AC for
specific applications (Zhao et al., 2023).

Within the Leguminoseae family and the Mimosoideae subfamily,
the African oil bean (Pentaclethra macrophylla) tree stands out,
reaching approximately 6 meters in girth and 21 meters in height
(Okpala, 2015). The seeds of this tree, enclosed in flat pods that
burst upon maturation, are the most utilized part, leaving the pods
as an underused waste product. Measuring about 35 to 45 ¢cm in
length and 5 to 10 cm in breadth, these black and woody pods have
become a subject of interest due to their high fibre and fixed carbon
contents (Okey-Onyesolu et al., 2018). There have been a few
studies looking into the effects of preparation variables like
temperature and impregnation ratio on activated carbons (ACs)
from PMps (Abugu et al., 2015; Chimi ef al., 2023), but very little is
known in the literature about whether using a chemometric tool like
Response Surface Methodology (RSM) to produce ACs from PMps
could allow its structure to be developed further for enhanced
adsorption performance. To address this gap, this study, therefore,
focused on the optimal conditions for activating the untapped
potential of PMps as precursor of ACs using potassium hydroxide
(KOH) and phosphoric acid (HsPOs) as activating agents and iodine
adsorption characterization approach. The study investigates how
activation temperature, time, and impregnation ratio influence the
iodine number of the ACs produced. Beyond optimizing the PMp
activation and carbonization, this study aims to provide valuable
insights and reference points for utilizing this agroforestry waste
material as a raw material for high-quality activated carbon
production. The implications of this research extend to offering
sustainable and economical solutions to water treatment, energy
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storage, and CO2 capture applications.

Experimental Procedures

Materials and Reagents

The PMps were obtained from the southern region of Benue State,
Nigeria, where they are found in abundance during their peak
dispersal periods from September to November. Preliminary
assessments of the PMps collected were performed via proximate
analysis using an electrical oven and furnace based on the
American Society for Test and Materials (ASTM) standards E790,
E830, and E897 (Zhang et al., 2022). In performing the proximate
analysis, the moisture content of the PMps was determined at a
temperature of 105°C, the ash content was determined within a
temperature range from 105 to 550°C, the volatile matter content
was determined ata temperature range from 105 up to 900°C, and
the fixed carbon content was determined as the difference of the
sum of percent moisture content, ash content, and volatile matter
from 100%; it is assumed to be the carbon skeleton of the precursor
at a temperature of 900°C and above. The ultimate analysis of the
PMps was performed using LECO-CHNO-932 analyzer. The pods
were cleaned to remove dirt and sun-dried for three (3) days to
reduce their moisture contents. The biomaterials were transformed
into granules using a combination of manual and mechanical size
reduction mechanisms: cutting, pounding, and grinding. The PMps
were passed through sieves of size 50 to 80 meshes (0.180 to
0.300 mm) to achieve experimental uniformity. They were stored in
jute bags and labelled appropriately. Also, standard analytical
grades of KOH, 85 wt% HsPOq, iodine, hydrochloric acid, and
sodium thiosulphate were purchased from a retail chemical
company at Makurdi and used without any further purification.

Synthesis of the Activated Carbon

The 85 wt% mass fractions of HsPOs and 50 mg of the PMps
granules were mixed according to the designed ratios of 1:1, 2:1,
3:1,4:1, and 5:1 (ratios of the volume of H3PO4 to the mass of PMps
granules) inside some sets of steel reactors that were agitated
continuously at 1000 rpm on a centrifuge for 6 hours. The PMps
were filtered out of the mixtures and the samples were dried using
a thermostat oven set at 110°C for 1 hour to prepare the
impregnated samples. The reactors were placed inside a high
carbonization temperature tube furnace and heated from ambient
temperature to 200°C for 30 minutes, followed by further heating at
the different designed temperatures ranging from 200 to 700°C and
activation time ranging from 20 to 210 minutes for simultaneous
carbonization and activation of the precursors (Jiang et al., 2019).

The air within the furnace was displaced by introducing a nitrogen
gas stream at 60 mL/min into it for 20 min.

Similar procedures were followed to produce ACs from the PMps
granules using KOH powder. However, the chemical impregnation
of the biomaterial was done by mixing the required mass of KOH
and the PMps granules to attain the designed ratios inside separate
steel reactors with 30 ml of deionized water (Jiang et al., 2019).
After the samples were dried in a thermostat oven set at 110°C for
1 hour, they were transferred inside the furnace to be pyrolyzed at
the different designed production conditions. All the carbonized
chars were allowed to cool to room temperature and thereafter
washed several times with 200 ml hot and cold distilled water to
achieve a neutral pH, and then allowed to dry for 2 hours at 110°C
using the oven. The activated carbons were boiled with HCI solution
under reflux to remove impurities and to reduce their inherent ash
contents. Figure 1 is the flowchart of the major steps involved in the
PMops activated carbon production.

The products were pounded in a laboratory mortar and sieved using
Tyler's sieves and stored in airtight containers. The dried carbon
yield was determined using Eq. (1).

Carbon Yield, Cy = (1 — m./m,) x 100

where Cy is the carbon yield (%), m_ is the mass of the carbonized
product (g), and m,. is the mass of precursor (g).

lodine Adsorption Studies

In this study, iodine served as the adsorbate of interest to evaluate
the adsorptive performance of the PMps activated carbons
(PMACs). Batch experimental studies were conducted in
Erlenmeyer flasks, following the standard test method established
by the ASTM D, (2006). To prepare the iodine stock solution, 2.70
g of iodine crystals and 4.10 g of potassium iodide (KI) were
dissolved in 1 litre of deionized water. This solution was
standardized using a standard solution of sodium thiosulphate
(Pongener et al., 2015). Additionally, a starch solution, serving as
the indicator reagent, was prepared by dissolving 0.30 g of starch
powder in 30 ml of deionized water, to which 70 ml of boiled
deionized water was added (Pongener et al., 2015). For each
experimental run, 0.50 g of each category of PMACs and 10 ml of
5%v/v hydrochloric acid (HCI) were introduced into a 100 ml
Erlenmeyer flask. The flask was gently stirred to wet the carbon,
and then 100 ml of the iodine stock solution was added. The mixture
was shaken on a shaker for 1 hour.
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Figure 1: Major Steps Involved in the PMps Activated Carbon Production

Subsequently, the mixtures were filtered using microfiber filters,
and a 20 ml aliquot portion of the filtrate was titrated with 0.10 M
sodium thiosulphate. Additionally, 2 to 3 pipette drops of the starch
solution were added as an indicator (Pongener et al., 2015). The
mixture was stirred gently until it turned colourless. The initial and
final volumes of the mixture, along with the ftitre value, were
recorded for each experimental run. To establish a baseline, a blank
titration procedure was performed using sodium thiosulphate
solution without the addition of PMACs. This rigorous experimental
protocol aimed to systematically evaluate the iodine adsorption
efficiency of PMACs through meticulous titration and measurement
procedures. The concentration of iodine adsorbed by the PMACs at
room temperature was calculated using Eq. (2) (Bello et al., 2017).

I, = [((A—B)/A) x ((Vx M)/W)] x 253.81

where |r was the iodine number (mg/g), and A and B were the
volumes of sodium thiosulphate solution required for blank and
sample titrations, respectively. W is the mass of the PMACs
sample, M is the molar concentration of iodine, V is the 20 ml
aliquot, and 253.81 is the atomic mass of iodine.

The Central Composite Experimental Design for PMACs
Production

The chemometric tool utilized for the study is Response Surface
Methodology (RSM), a framework comprising various statistical and
mathematical principles. RSM facilitates the quantitative analysis of
data derived from designed experiments (Montgomery, 2017),
enabling the determination of regression models and optimal
operating conditions. lts utility extends to the development,
improvement, and optimization of processes represented by the
model. Notably, RSM excels in reducing and evaluating the number
of experimental trials within full factorial experiments, including their
interactions, without compromising expected outcomes (Iwar et al.,
2022). In RSM, all independent variables are assumed to be
continuous and controllable by the experiment with negligible error,
while the response or dependent variable is considered a random

variable (Montgomery, 2017). For this study, the chosen
chemometric tool is the Central Composite Rotatable Design
(CCD), which functions as a subset of RSM. The CCD configuration
involves the following key components: (i) two-level factorial (23) —
coded as -1 and +1, representing lower and higher levels; (ii) six
replicates located at the center (0, 0, 0) to assess experimental
error and data reproducibility, and (ii) six axial points located at (+a,
0, 0), (0, £a, 0), and (0, 0, +a), where a represents the distance of
an axial point from the center (a = 1.68). These points render the
design rotatable. The incorporation of these components results in
a total of 20 experimental runs. The CCD design is particularly
advantageous for efficiently exploring the experimental space,
considering factorial combinations, and assessing the impact of
variables on the response within a reasonable number of trials
(Ogbeh & Ominiyi, 2022).

The PMACs were prepared using three independent parameters
namely the activation temperature (A), activation time (B), and
impregnation ratio (C). The coded and real levels of these
parameters are shown in Table 1. The responses of the design
were the iodine number and the carbon yield. The attributes of the
experimental responses were predicted from the second-order
polynomial regression model generally described as Eq. (3) (Genli
etal., 2022).

n n 2
N v = =X n'e
YI orC Bo + Z Blle + (Z BIIXI)
i=1 i=1
n-1 n

i=1 j=i+1
where Y is the predicted response, {3, is the constant coefficient,
B; represents the linear term coefficients, [ represents the
interaction coefficients, 3;; represents the quadratic coefficients, X,
X;are the coded values of the production parameters and n is the
number of variables. The experimental sequence was randomized
to minimize the effects of the uncontrolled factors and outliers. The
significance of each coefficient in the models was determined by F-
test and p-values. The CCD of the RSM and its corresponding
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statistical analyses were done using Design-Expert (version 10.0
Stat-Ease Inc., Minneapolis, MN).

Characterization of the Activated Carbons
For each of the activated carbons (PMACs) produced using the two

activating agents (KOH and HsPOs) at the optimum operating
conditions determined statistically using the Design Expert
Software, the organic structure properties were determined using a
Thermo Nicolet Fourier transform infrared spectrometer (Nicolet 67,
USA).

Table 1: Coded and Actual Levels of Production Parameters Used to Produce the PMACs.

Production factor Coded levels
-0 (-1.68) 0 +1 +a (+1.68)
Actual values
Activating temperature (°C), A 200 300 450 600 700
Activating time (min), B 20 120 180 210
Impregnation ratio (g/L), C 1 3 4 5

The textural parameters and elemental constituents of the activated
carbons were determined using scanning electron microscopy
combined with energy-dispersive X-ray spectroscopy (EDX).
Volumetric adsorption analyzer (Micrometrics 3Flex version 5.02)
was used to determine the specific surface area through nitrogen
adsorption Brunauer-Emmett-Teller (BET) equation. The total pore
volume (Vi) and the average pore diameter of the activated carbons
were determined as the liquid volume of nitrogen (N2) adsorption at
a relative pressure (P/Po) of 0.99 (Ahmad & Alrozi, 2011).

RESULTS AND DISCUSSION

Yields of the Pentaclethra macrophylila Activated Carbons
The experimental design matrix used to prepare the PMACs with
both activating agents (KOH and H3POQs) is shown in Table 2. Even
though the yields of the PMACs prepared with both activating
agents were moderately high, the PMACs yields from using the
same quantity of the PMps with the activating agents differ from one
another, with PMACs obtained from using the H3POs activating
agent demonstrating higher yields than those obtained from using
the KOH activating agent. Generally, increasing the impregnation
ratio, especially with activating agents like KOH or H3PO4, results
in a gradual decrease in the yield of activated carbon (Zakaria et
al., 2021). However, increasing impregnation ratio involving HsPO4
activating agent leads to an increase in burning rate and porosity,

contributing to a rise in surface area (Ziezio et al., 2020). The
reasons for the relatively lower activated carbon yields from using
the KOH activating agent is unclear. However, it may be attributed
to the tendency of KOH to promote intense volatilization of biomass
through the breaking of C-O-C and C-C bonds (Yokoyama et al.,
2019). Furthermore, pyrolysis involving the use of KOH as an
activating agent has been reported to favour catalytic
decomposition of heteroatoms within biomass, which promotes the
increased release of gases like CO, CO2, water vapour, and
hydrocarbons (Jamnongkan et al., 2022).

Experimental Data and Model Building

Polynomial regression models were developed using the CCD to
analyse the correlation between the parameters used to produce
the activated carbons, with respect to their iodine number and
carbon yield. The effects of the independent factors and their
interactions on each of the responses were analysed and optimized
to investigate the PMAC with higher adsorption performance. The
results indicate that the three independent parameters (activation
temperature, activation time, and impregnation ratio) and their
respective ranges were similar in the design used to produce the
PMACs.
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Table 2: The CCD Experimental Matrix both lodine Numbers and Carbons Yield

Run A(°C) B (min) C (mllg) lodine number, I (mg/g) Carbon yield, Cy (%)
value & code value & value & PMACkoH PMACH3ro4 PMACkoH PMACH3p04
code code observed observed observed observed

1 450 (0) 120 (0) 3(0) 91143 642.00 39.98 48.86
2 300 (-1) 60 (-1) 4 (+1) 674.17 393.61 47.21 56.31
3 450 (0) 120 (0) 3(0) 91143 632.00 39.40 46.97
4 600 (+1) 180 (+1) 2(-1) 955.20 769.93 31.30 40.06
5 600 (+1) 60 (0) 4 (+1) 1026.42 531.60 31.89 415
6 300 (-1) 180 (+1) 4 (+1) 720.54 427.77 40.81 50.59
7 300 (-1) 180 (+1) 2(-1) 861.11 292.00 40.97 51.02
8 600 (+1) 60 (-1) 2(-1) 653.72 683.30 32.05 40.66
9 300 (-1) 60 (-1) 2(-1) 466.57 434.01 4478 51.33
10 450 (0) 120 (0) 3(0) 950.38 658.00 39.33 48.41
11 450 (0) 120 (0) 3(0) 91143 668.00 39.33 48.51
12 600 (+1) 180 (+1) 4 (+1) 991.96 810.06 29.43 36.37
13 450 (0) 120 (0) 3(0) 91143 658.00 39.45 48.56
14 450 (0) 20 (-1.68) 3(0) 794.51 591.20 39.65 46.65
15 450 (0) 120 (0) 1(-1.68) 454.74 633.79 37.72 48.76
16 700 (+1.68) 120 (0) 3(0) 1011.64 743.68 30.35 38.45
17 450 (0) 120 (0) 3(0) 911.43 668.00 39.30 49.01
18 200 (-1.68) 120 (0) 3(0) 651.34 217.37 50.44 60

19 450 (0) 120 (0) 5 (+1.68) 688.89 629.67 37.86 49.56
20 450 (0) 210 (+1.68) 3(0) 1050.60 681.08 34.99 43.27

However, the results of the analysis indicate that their effects on the
responses were different. This outcome specify that any activated
carbons derived from different precursors might have different
characteristics, even though the same conditions were
administered to produce them (Ahmad et al., 2020). The distinct
variations of the In values, ranging from 454.74 to 1050.60 mg/g and
Cy values, ranging from 29.34 to 51.30% for the PMAC-KOH and
the In values, ranging from 217.37 to 810.06 mg/g and Cy values,
ranging from 38.45 to 60.0% for PMAC-H3PO; are at the instant of

KOH (Eq. 6) and C and AC in the (Eq. 7) for PMAC-H3POsa.

Ixon = —1108.06 + 1.52A + 6.66B + 629.66C
— 242 x 1073AB + 0.29AC
—1.43BC — 1.50A2 — 88.00C? 4

In,po, = —274.56 + 3.62A — 3.71B
+6.57 x 1073AB — 0.17AC

+ 0.77BC
the variations of each of these independent operating parameters. —317 x 10-3A% — 4.38 x 10-3B2
The effects of the variation of these parameters on the I and Cy are —11.35¢2 5

shown in the ANOVA Tables 3 and 4 for PMAC-KOH and PMAC-
H3sPO4, respectively. Further analysis of data using the Software for
both responses (In and Cy) consistently recommended selecting

Con = 48.72 — 0.04A + 0.04B
+9.72 x 10~5AB

quadratic models. During the model selection process, the —3.58x 1073AC

sequential model sum of squares guided the choice, favouring the —8.96 x 1073BC

highest-order polynomials. This decision was influenced by the - 3.38 x 107B?
identification of additional terms deemed statistically significant — 0.590C2 6
(p=0.5), ensuring that the selected models were not aliased. The

ultimate outcome is represented by the final empirical models in the

coded factors form, as Eqns 4 to 7 for prediction of iodine Cu,po, = 46,42 — 0.02A + 0.16B 7
adsorption (iodine number) and carbon yield of PMAC-KOH and —6.17 x 107°AC— 0.02B
PMAC-H3POs, respectively. Each of the operating parameters —5.02 x 107*B?

created both synergetic (positive coefficients) and antagonistic
(negative coefficients) effects on the In and Cy values of both
activated carbons, as indicated in the statistical regression models.
However, any parameter found to be non-significant at p=0.05 on
the ANOVA table was removed from each of the models. With
regards to In, it was discovered that only the interaction of activation
time and impregnation ratio (BC) for the PMAC-H3PO4 was not
significant. With respect to the effects of the operating parameters
on carbon yield, however, the effects of the activating agents and
even the varying impregnation ratios were discovered to be
minimum and negligible, and this is confirmed by the non-
significance of C and BC in the regression model for the PMAC-

Regarding the models for the iodine numbers of PMAC-KOH and
PMAC-HsPOq4 (Eqs 4 and 5, respectively), several key observations
can be made. Positive linear coefficients were evident for all three
parameters contributing to the development of high iodine number
in PMAC-KOH (Eq. 4). Notably, the contribution from the
impregnation ratio (+629.66) was particularly significant, especially
considering its lack of significance in the production of the PMAC-
HsPOs (Eq 5). While both the activation temperature and
impregnation ratio exhibited positive linear effects on the
preparation of both PMAC-KOH and PMAC-H3PQq, the interactions
(AB) between these parameters showed reverse coefficients.
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Negative coefficients of interaction between temperature and for PMAC-H3POQas. This suggests that a higher temperature may be
impregnation ratio (AC) were crucial for impacting the iodine required for the simultaneous dehydration and carbonization of
number of PMAC-KOH, while positive coefficients were influential KOH-impregnated PMps,
Table 3: Results of ANOVA for lodine Number (mg/g) of the PMACs
Source In (lodine number (mg/g))
df SSk SSh MSk MSu Fx Fu Pk Pu
Model 9  598381.46 466637.83 66486.83 51848.65 327.60  302.04 0.00 4E-10
A-act. Temp. 1 167183.06 333020.60 167183.06 333020.60 823.76  1939.97  0.00 8E-12
B-act. Time 1 9473459 11345.52 94734.59 11345.52 466.79  66.09 0.00 2E-05
C-impreg. Ratio 1 55789.26 37.33 55789.26 37.33 27489 0.22 0.00 7E-01
AB 1 3779.72 27959.03 3779.72 27959.03 18.62 162.87 0.00 5E-07
AC 1 14657.29 5353.02 14657.29 5353.02 72.22 31.18 0.00 3E-04
BC 1 58500.81 16928.00 58500.81 16928.00 288.25  98.61 0.00 4E-06
A2 1 15661.11 70225.26 15661.11 70225.26 7717 409.09 0.00 8E-09
B2 1 4843 2958.79 48.43 2958.79 0.24 17.24 0.64 2E-03
c? 1 197921.06 3297.18 197921.06 3297.18 97522  19.21 0.00 2E-03
Residual 9 182655 1544.96 202.95 171.66
Lack of fit 5 688.73 718.96 137.75 143.79 0.48 0.70 0.78 7E-01

Table 4: Results of ANOVA for yield (%) of the PMACs

Sl Cy (Carbon yield)
df  SSk SSH MSk MSH Fk Fu Pk Pu

Model 9 570.73 633.45 63.41 70.38 278.34 202.65 0.00 3E-09
A-act. Temp. 1 503.12 552.95 503.12 552.95 2208.32 1592.07 0.00 2E-11
B-act. Time 1 36.43 26.53 36.43 26.53 159.92 76.40 0.00 1E-05
C-impreg. Ratio 1002 0.68 0.02 0.68 0.07 1.96 0.79 2E-01
AB 1 6.13 0.01 6.13 0.01 26.88 0.03 0.00 9E-01
AC 1 2.31 6.84 2.31 6.84 10.14 19.71 0.01 2E-03
BC 1 2.31 12.35 2.31 12.35 10.14 35.56 0.01 2E-04
A2 1 0.06 0.03 0.06 0.03 0.25 0.10 0.63 8E-01
B2 1 17.64 38.92 17.64 38.92 7742 112.07 0.00 2E-06
C2 1 8.89 0.04 8.89 0.04 39.04 0.11 0.00 7E-01
Residual 9 205 3.13 0.23 0.35

Lack of fit 5 174 0.94 0.35 0.19 451 0.34 0.08 9E-01

Legend: SSk and SSh are the sum of square, MSk and MSH are the mean square, Fx and Fu are the F-calculated, and Pk and Py are the P-values obtained
from analysing the PMACkon and PMrspos iodine numbers and carbon yields, respectively.
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while a slightly lower temperature may be needed for the
development of H3POgs-impregnated PMps. The yields of both
are influenced by activation temperature and time, with
impregnation ratio playing a lesser role (as indicated by Eqs 6 and
7). Positive coefficients of interactions between temperature and
time (AB) were essential for impacting the yields of both KOH-
PMACs and H3sPOs-PMACs. However, the reverse was observed
for all other interactions involving the impregnation ratio and the
other two parameters (temperature and time), respectively. Figures
2a and 2c and the models Eqgs 4 and 6 indicated high coefficients
of determination (R? = 0.9969 and 0.9964) and low standard
deviations (SD = 14.25 mg/g and 0.48%) for the iodine number and
carbon yield of the PMAC-KOH, respectively. The adjusted R?
values for the iodine number and yield of PMAC-KOH were 0.9968
and 0.9962, respectively. The strong agreement between the actual
experimental and predicted data for the models suggested in Egs.
4 and 6, underscores the models' suitability and competence in
predicting the experimental responses (In and Cy). Similarly, for the
PMAC-H3POs, high coefficients of determination (R2 = 0.9967 and
0.9952) and low standard deviations (SD = 13.10 mg/g and 0.59%)
were obtained for the regression models (Egqs 5 and 7),
representing the iodine number (In) and carbon yield (Cy) (Figures
2b and 2d), respectively. The adjusted R? values for the iodine
number and yield of PMAC-HsPO4 were 0.9965 and 0.9948,
respectively. The strong agreement between the actual
experimental and predicted data for the models suggested in Egs.

activated carbons were signific

5and 7, further affirm the suitability and competency of the models
in accurately predicting the experimental responses.

Profile of lodine Adsorption by the Activated Carbons
Examining the F values (Fk and Fu) corresponding to each of the
independent factors (A, B, and C) for PMAC-KOH and PMAC-
HsPO4 in Table 3 reveals significant and substantial effects on
iodine adsorption (iodine number) onto both PMACs. Although all
factors exhibit considerable impacts, their degrees of influence on
the iodine number of the PMACs differ from one another. Through
comparative analysis, it is evident that activation temperature
(factor-A) exerts a more significant effect on iodine adsorption onto
PMAC-H3sPOq4 than onto PMAC-KOH. Conversely, both activation
time (factor-B) and impregnation ratio (factor-C) display higher
significant effects on iodine adsorption for PMAC-KOH and PMAC-
HsPO4. However, their effects on PMAC-KOH are notably greater
than on PMAC-H3PO4. Among all considered factors, activation
temperature holds the greatest influence on iodine adsorption, as
indicated by its highest F-values. The interactive effects (AB, AC,
and BC) between the parameters on the iodine number were all
significant for PMAC-KOH but only (AB and AC) were significant for
PMAC-H3PO4. However, the interaction between activation time
(factor-B) and impregnation ratio (factor-C) being notably higher
than other interaction categories.
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Figure 2: Predicted versus actual values of lodine Numbers (a and b) and Yields (c and d) for PMAC-KOH and PMAC-H3POQu, respectively.
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Figure 3 illustrates the influence of activation temperature and
activation time (AB), activation temperature and impregnation ratio
(AC), and activation time and impregnation ratio (BC) on the iodine
numbers of PMAC-KOH and PMAC-HsPOs. The effectiveness of
iodine adsorption by both PMAC-KOH and PMAC-H3POQx is minimal
at the lowest impregnation ratio, moderate activation temperature,
and activation time, as confirmed by the data in Table 2 (run number
15). With increasing values of these variables, iodine adsorption
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efficiencies for both PMAC-KOH and PMAC-H3POs also increase,
reflected in the iodine numbers. However, PMAC-KOH becomes
increasingly ineffective in adsorbing additional iodine when extreme
conditions like high temperature, moderate activation time, and
extremely low impregnation ratio are employed. In contrast, PMAC-
HsPO4 reaches a point of ineffectiveness when using conditions
such as low activation temperature, moderate activation time, and
low impregnation ratio.

Carbon yield (%)
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Figure 3: 3D Graphical Plots of the Effects of the optimum production parameters on both responses (iodine number and Carbon yields) of (a)

PMAC-KOH and (b) PMAC-H3PO4

This observation aligns with previous studies, where excessively
high activation temperatures result in blocked pores due to excess
carbonization (Gao et al., 2020), and too low impregnation ratios
render the chemical activation process less effective (Zakaria et al.,
2021), resulting in fewer developed pores. Additionally, activation
temperatures above 500 °C are believed to significantly impact the
carbon material, causing drastic expansion, creating larger surface
areas, and inducing high porosity through the intercalation of
metallic potassium hydroxide (Wang et al., 2019). The relatively
high iodine adsorption capacities of the activated carbons produced
might be useful for removal of radioactive isotopes of iodine that
are often released from uranium power plant (Kurisingal et al.,
2023).

Operating Parameters Optimization and Validation

The primary objective of the experimental design is to identify the
optimal process parameters that result in high iodine numbers and
yields for both PMAC-KOH and PMAC-H3POs. However, optimizing
these responses concurrently poses a challenge because they
represent different regions of interest. For instance, increasing
iodine adsorption performance tends to decrease the yield of
activated carbons, and vice versa. Therefore, the identification of

two sets of optimum process conditions is necessary. Table 5
provides the model validation results for PMAC-KOH and PMAC-
HsPO4, with the selected optimized parameters experimentally
verified. The optimization process utilized the same software to set
the target criteria at the maximum value, while the variable values
were constrained within the studied range. The adsorbents were
prepared under optimal conditions, with the factors (activation
temperature, activation time, and impregnation ratio) set within the
design range, and the responses (iodine number and carbon yield)
set to the highest value. The resulting optimized PMACs were
labelled PMAC-KOHop and PMAC-H3POQuop. For the preparation of
PMAC-KOHqp, the optimal operating parameters were determined
as follows: the activation temperature of 450°C, activation time of
120 min, and impregnation ratio of 3. This configuration led to an
iodine adsorption of 918.58 mg/g and a PMAC-KOH yield of
39.60%. Similarly, for the preparation of PMAC-H3POucp, the
optimal parameters were activation temperature of 400°C,
activation time of 112.45 min, and impregnation ratio of 3.73. This
resulted in an iodine adsorption of 593.44 mg/g and a PMAC-
H3POuop yield of 51.30%. The experimental values obtained at
these optimum preparation conditions closely aligned with the
predicted values from the models. However, small negative
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percentage errors between the actual and predicted values were
recorded for both sets of activated carbons. This discrepancy is
minor and further validates the suitability of the model in affirming
its sufficiency for predicting the responses. In comparison with the
ideal iodine numbers of commercial granular activated carbons
(GACs) used for pollutant removal from wastewater, only the

PMAC-KOHqp fall within the typical range of 800 to 1200 mg/g
(Cendekia et al., 2021). Since any GAC with higher iodine numbers
generally exhibit greater adsorption efficiency and are considered
more effective for the removal of pollutants in wastewater treatment
processes, the PMAC-KOHqp could perform well as a pollutant
adsorbent.

Table 5: Model Validation and Optimum production parameters for Responses (In and Cy)

Activated carbon A B c In (mglg) I (mglg) Error Cy (%)  Cy(%) Error
(oC)  (min) Predicted Observed (%) Predicted  Observed (%)

PMAC-KOHop 450 120 3 918.58 916.56 -0.22 39.60 39.15 -1.15

PMAC-H3POs0p 400 11245 373 59344 592.88 -0.09 51.30 511 -0.39

Proximate and Ultimate Analysis

The results of the proximate and ultimate analysis of the PMps and
the activated carbons are shown in Table 6. The proximate and
elemental analyses were necessary to understand the potential
properties of activated carbons, which is essential for controlling
their properties and potential functions. The relatively high moisture

content (19.14%) of the PMps is an indication that high energy might
be expended to dry up any excess moisture during the production
process. Besides, excess moisture in biomass tend to affect the
porosity of the resulting activated carbon, as excess moisture
regulate the movement of the activating agent during the activation
process (Zielinski et al., 2022).

Table 6: Proximate and ultimate analyses of PM pods and the Activated Carbons

Sample Proximate analysis (wt% ar?) Ultimate analysis (wt% ar?)

Moisture  Volatile matter Fixed carbon Ash C H N 0P S
PMps 19.14 54.31 23.37 3.88 4547 3189 314 1754 1.96
PMAC-KOH 3.12 15.83 78.48 2,57 8264 1122 105 4.1 0.98
PMAC-H3PO4 7.02 18.68 70.58 3.72 7231 1806 296 5.56 1.11

a on wet basis as received; b calculated by difference

The proportion of fixed carbon also affects the structure and
porosity of activated carbons. Higher fixed carbon yields activated
carbons of stronger structural stability (Montoya-Suarez et al.,
2016). The amount of ash in biomass affects the purity of the
activated carbon, which can hinder activation. Higher porosity is
necessary for high-grade activated carbon, which is difficult to
adsorb. Lower ash content is necessary for improved adsorption
quality. The PMps, just like most biomass, consists of various
elements such as carbon, hydrogen, nitrogen, sulphur, and oxygen.
As the carbon content increases, so does their quality and ability to
act as an adsorbent. In addition to the fixed carbon content, higher
carbon content of the precursor generates activated carbons of
better adsorption capability (Montoya-Suarez et al., 2016). The
activation of functional groups is driven by various elements, and
only when individual elements are controlled to a certain level that
activated carbons with specific surface chemistries can be prepared
(Amin et al., 2023). Controlling individual elements to a certain level
can result in different levels of adsorption selectivity, allowing for
the development of activated carbons with specific surface
chemistries.

Surface Morphologies of the Activated Carbons
Further characterization of activated carbons prepared with the
optimum operating parameters was performed. In general, the

chemical activation of the PMps with KOH and H3POs revealed
notable variations in the textural structure of the material before and
after the activation processes. SEM micrographs of the PMps, as
shown in Figure 4a, reveal the raw material's curly surface lacks
pores and cavities. The carbonization and activation processes
induced development of few pores from initially occupied sites by
volatile matter and moisture. Activated carbons exhibit early-stage
small pores, possibly due to residues of tarry substances from
calcination. Enhanced interaction between KOH and the carbon, at
elevated activation temperature, results in well-developed pores.
The SEM image of PMAC-KOHop Figure 4b confirms multiple pores,
affirming the effectiveness of KOH chemical activation. This is
consistent with (Baba et al., 2023), carbonization products exhibit
increased surface porosity, evidenced by small voids. The H3PO4
activation on PMAC-H3POuop surface, shown in Figure 4c, creates
more pores, attributed to HsPO4 diffusion favouring increased
HsPOg4-carbon reaction via acid hydrolysis. The diverse surface
porosity suggests potential varied applications for the synthesized
activated carbons. This suggests that the structure of PMAC-KOHop
contained a higher ratio of porous structures than in the PMAC-
H3POuop. The higher iodine numbers obtained for PMAC-KOHop
indicates the availability of more porous structures within the
activated carbon, demonstrating a greater affinity for the adsorption
of small molecules (Karim et al., 2022).
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Figure 4: Scanning Electron Micrographs of the (a) PMps (b
Activated Carbons

The extent of modification of the porous structure of the PMps and
the activated carbons derived from them using KOH and H3POq4
activating agents is shown in Figures 5a, 5b, and 5c, respectively.
The FTIR analysis of the PMps spectrum (Figure 4a) reveals peaks
at 3640-3550 cm™, indicating antisymmetric O-H stretching
vibration and C=H asymmetric stretching vibration bonds at 2936
cm™" (Dai et al., 2023; Sarma et al., 2015). The peak at1766 cm™*
urea in various samples (Onija et al., 2012). The peak at 1424 cm™
in the FTIR spectra of the PMps signifies aliphatic C-H bending
vibration (Kalembkiewicz et al., 2018). This suggests the presence
of aliphatic hydrocarbons or organic compounds in the PMps,
indicating the composition of various biomolecules. The peak at
1308 cm™ is associated with creatine (Jeronimo et al., 2012). In
biomaterials containing creatine, this peak represents a specific
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Figure 5: FT-IR Spectra of the (a) PMps, (b) PMAC-KOHap, and (b)
PMAC'H3P04op

AC-KOHop () PMAC-H3POuop Functional Groups in the Precursor and the

in the FTIR spectra is an intense band indicating the presence of
C=0 stretching vibration. This suggests the involvement of carbonyl
groups, possibly from ketones or aldehydes within the PMps
structure (Onija et al., 2012) and the peat at 1673 cm™ correspond
to aromatic skeleton (v(C=0) + §(N-H)) vibrations; it is a distinctive
feature used for identifying

vibrational mode, aiding in the identification of creatine within the
sample. The spectra may include carbonyl, alcohol, and cellulose
groups. The differences between the PMAC-KOHqp and PMAC-
H3POuop spectra from PMps are mostly due to lost bands during
activation and carbonization, which depend on the activation
temperature.
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The absence of peaks at 3600 cm™ in both activated carbon
spectra indicates decomposition of oxygenated hydrocarbons in
cellulose and hemicellulose (Kurian et al., 2015). The decrease in
intensity of the FTIR spectra of the PMps at 1240 cm™ band
suggests the destruction of the lignin structure often associated with
specific vibrational modes relating to functional groups such as C-
0 and C-O-C in hemicellulose. A decrease in intensity at this
wavenumber suggests a reduction in the concentration or structural
changes of these groups within the PMps. The presence of
additional functional groups in PMAC spectra indicates enhanced
surface porosity, which contributes to improved efficiency of the
PMAC adsorbent in trapping iodine molecules.

Structural and Porous Properties of the Activated Carbons

With reference to other prior studies, Table 7 shows the BET
specific surface areas (SSA), total pore volume (Vt), and average
pore diameter of the precursor and the activated carbons produced.
The PMps initially exhibited a notably low BET SSA of 3.09 m?/g.
However, under the optimal operating conditions, the resulting
PMACs, specifically PMAC-KOHo, and  PMAC-H3POuop,
demonstrated substantial increases in the SSA, reaching 911.70
and 527.59 m?/g, respectively. Faith et al., (2017) reported an iodine
number of 764.53 mg/g and a surface area of 954.56 m2/g for an
activated carbon produced from Pentaclethra macrophylla (PM)
seed shells with H3PO4 as activating agent. Both values are quite
higher than the corresponding equivalent values of 592.88 mg/g
and 527.59 m2/g observed for the PMAC-H3POuop in this study. The
substantial difference between these values may be due to the
inherent differences between the PM seeds shell and its pods.
However, the enhancements observed in the structural and porous
properties of both PMACs signify the effectiveness of the
simultaneous chemical activation and carbonization of the PMps at
the applied operating conditions. Throughout the activation and

DOI: https://dx.doi.org/10.4314/swj.v18i4.22

carbonization processes, volatle matter and water were
systematically removed from the PMps through evaporation and
dehydration. The optimum operating conditions influenced the
severity of these processes, impacting the removal of these
constituents from the precursor. The BET SSA of PMAC-KOHop
was quite higher than that of PMAC-H3POuop, and this result aligned
with other prior studies on activated carbons produced from
agroforestry wastes using KOH and HsPOs as activating agents
(Van & Thu, 2019).

The total pore volumes recorded for the PMAC-KOHop and PMAC-
H3POuop were 1.24 and 1.09 cm?/g, respectively, with average pore
diameters of 5.54 and 5.98 nm (Figures 6b and 6d). Additionally,
the optimal conditions led to diverse development of vacant spaces
and pores within the resulting ACs. In general, the porosity of the
both PMAC-KOHop and PMAC-H3PO4op increased with increase in
all the operating parameters (temperature, time, and impregnation
ratio). However, this does correspond with the resulting iodine
number of each AC. This observation aligns with Chimi et al., (2023)
report for the production of ACs from PMps with H3PO4 as activator.
Moreover, despite potential variations of the influence of the
different operating conditions, both sets of conditions exclusively
yielded ACs that have average pore diameters all within the
mesopore regions. Notably, the slightly lower average pore
diameter of 5.54 nm in the PMAC-KOHop could be attributed to the
formation of potassium ions (e.g., K2COs) with simultaneous
emissions of COz and CO during the KOH chemical activation
(Thongpat et al., 2021). These ions, recognized for their high
mobility, deeply penetrate the vacant spaces in the precursor and
its char during the activation process for enhanced pore formation
and increased surface area (Ahmad et al., 2020)
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Table 7: Comparison of the Surface Area and Pore Properties of the Activated Carbons with Other Studies

Sample Activatin  BET SA  Pore volume Pore lodine Reference
g agent (m2g) (cm3lg) diameter number
Viot Viic  Vme (nm) (mglg)
S

PMps - 3.09 - - - This present study
PMAC KOH 911.70 1.24 5.54 916.56 This present study
PMAC HsPO4 527.59 1.09 5.98 592.88 This present study
PMAC HsPO4 - - - 955.31 (Chimi et al., 2023)
PMAC H2S04 954.56 - 764.53 (Okey-Onyesolu et al., 2018)
Coffee husk KOH 520.55 - - 603.45 (Ngueabouo et al., 2022)
Coffee husk HsPO4 560.65 - - - 520.65 (Ngueabouo et al., 2022
Rubberwood chips ~ KOH 1491.75 0.678 05 1.82 - (Thongpat et al., 2021)

81
Corncob HsPO4 700.00 - 0.0 - 632.00 (El-sayed et al., 2014)

11
Sugar beet HsPOs4 748.00 036 - 119 1275.00 (Ghorbani et al., 2020)
bagasse
Jujube stones H3PO4 948.84 0.85 - 867.54 (Bouchelkia et al., 2023)
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